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OCCURRENCE OF THE O-PHOSPHODIESTER OF L-SERINE AND 
ETHANOLAMINE IN TURTLE TISSUE* 


By EUGENE ROBERTS? IRENE P. LOWE 


(From the Wernse Laboratory of Cancer Research of Washington University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, March 27, 1954) 


Numerous two-dimensional paper chromatograms made of tissues of the 
developing chick embryo and of several strains of mice during prenatal 
and postnatal development! revealed that the spot presumed to be etha- 
nolamine O-phosphoric acid (EP) decreased rapidly with age (see references 
(1-6) for studies of EP and glycerylphosphorylethanolamine (GPE) in 
mammalian tissues). It was conjectured that the rate of decrease of EP 
might be slower in species possessing a longer life span and that tissues from 
such animals might furnish a more suitable material for further study of 
the possible relationships of EP with other cellular constituents. As ex- 
pected, alcoholic extracts of tissues of young alligator and turtle revealed 
much larger amounts of a ninhydrin-reactive material behaving like EP on 
conventional paper chromatograms than had been noted previously in 
extracts from any other species. However, further study revealed that 
the chief component of the chromatographic spot was not EP. The pres- 
ent communication describes the isolation and characterization of the 
substance as the O-phosphodiester of L-serine and ethanolamine. 


EXPERIMENTAL 


Methods—One- and two-dimensional chromatograms were made gen- 
erally by the descending method as outlined by Consden eé al. (7) and 
extended by Dent (8, 9). Paper electrophoresis was carried out with the 
Shandon apparatus constructed according to the description of Flynn and 
de Mayo (10) with Whatman No. | paper. Phosphorus determinations 
were made by a modification of the Fiske-Subbarow procedure and nitro- 
gen was determined by a micro-Kjeldahl method. 

Materials—Samples of synthetically prepared pi-serine phosphoric acid 
(SP) and EP were kindly supplied by Dr. R. E. Plapinger and a sample of 
EP was also obtained from Dr. C. Carruthers to whom it had been given 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 

t Present address, Department of Biochemistry, City of Hope Medical Center, 
Duarte, California. 

! Unpublished observations from this laboratory. 


2 OCCURRENCE OF O-PHOSPHODIESTER 


by Dr. E. Chargaff. GPE was a gift from Dr. A. Kornberg who had re- 
ceived it from Dr. E. Baer. p-Serine was kindly supplied by Dr. J. P. 
Greenstein. All other chemicals used were obtained from commercial 
sources. Ethanolamine was redistilled prior to use as a standard for quan- 
titative measurements. 

Venom from Crotalus adamanteus and a purified preparation of phos- 
phodiesterase (11, 12) from the venom having high activity on calcium 
(bis(p-nitrophenyl)phosphate). were generously supplied by Dr. Morris 
Friedkin. Purified potato phosphatase capable of splitting a wide variety 
of phosphate monoesters at an acid pH and also possessing phosphodiester- 
ase activity toward ribonuclease-limit polynucleotides was kindly given 
to us by Dr. A. Kornberg.2 Crude p-amino acid oxidase (acetone pow- 
der of sheep kidney) was supplied by Dr. Helen B. Burch. 


Results 


Free Amino Acids of Turtle Tissues-—Young river turtles (Pseudemys 
elegans) obtained from laboratory stock were killed by decapitation and 
extracts of the freshly excised tissues were prepared and subjected to two- 
dimensional paper chromatography in the manner described previously 
(13, 14). Chromatograms of extracts of muscle, liver, brain, kidney, and 
heart revealed that each tissue had a characteristic distribution of easily 
extractable ninhydrin-reactive constituents, a finding similar to that pre- 
viously reported for mouse tissues (13). The various muscle and heart 
extracts appeared to be particularly rich in a substance which appeared 
under glutamic acid on the chromatograms and which shall be designated 
as UG. A typical chromatogram of an extract of turtle muscle is shown in 
Fig. 1. UG migrated to the position expected for EP (3, 6, 9). 

Isolation of UG by Paper Chromatographic Procedures——Numerous pre- 
liminary attempts were made to isolate UG in a pure form. Efforts at 
formation of insoluble salts failed. All subsequent isolations were made 
from paper chromatograms with paper washed by downward migration 
with at least 120 ml. of distilled water per sheet in order to remove ex- 
tractable peptides. A solvent mixture consisting of 9 volumes of ethylene 
glycol monomethy! ether (methyl Cellosolve) and 1 volume of distilled 
water, which gives similar mobilities of the various ninhydrin-reactive 
constituents to those found with water-saturated lutidine, was substituted 
for the latter solvent in subsequent work with UG because some decomposi- 
tion of UG appeared to take place upon prolonged exposure to the alkaline 
solvent. Comparative one-dimensional chromatography in a variety of 
solvent mixtures revealed that an n-butanol-glacial acetic acid-water 
mixture (8:20:20 volumes, respectively) was suitable for achieving separa- 


2? Unpublished procedure of A. Kornberg. 
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tion of UG from EP and SP. The following Ry values were obtained with 
the above solvent for the substances of interest: UG 0.73, SP 0.78, serine 
0.82, EP 0.83, GPE 0.83, ethanolamine 0.90. 

Small scale isolations of UG were made from two-dimensional chromato- 
grams. After drying, the chromatograms were heated in an oven at 105° 
for 15 to 20 minutes. The unknown spot was located by its fluorescence 
in ultraviolet light (3660 A), the area cut out, and the material eluted with 
distilled water. The above findings were then applied in a large scale iso- 
lation of UG. Two turtles (approximately 10 inches in length) were de- 
capitated and exsanguinated and 55 gm. of muscle were removed rapidly 


9 


Fic. 1. Two-dimensional chromatogram in phenol (NH; vapors) and lutidine of 
an extract of turtle heart corresponding to 75 mg. of original fresh weight of tissue. 
The numbers identify the spots. (/) Leucine and isoleucine; (2) valine and ethanol- 
amine; (3) proline; (4) carnosine (lower outlined area) and unidentified spot (upper 
outlined area); (5) alanine; (6) glycerylphosphoryvlethanolamine and 8-alanine; (7) 
glutamine; (8) glycine; (9) taurine; (/0) serine; (/1) cystine (cysteic acid); (12) 
glutamic acid; (73) aspartic acid; UG, unknown compound. 


The tissue was homogenized in a blendor with 10 volumes of 80 per cent 
aleohol and the insoluble material removed by centrifugation. The res- 
idue was washed with small volumes of 80 per cent alcohol and the wash- 
ings were added to the supernatant fluid, which was evaporated to dryness 
with the aid of a fan and heat from infra-red lamps. The material ob- 
tained upon evaporation was taken up in 55 ml. of distilled water and in- 
soluble material was removed by high speed centrifugation. 1 ml. samples 
were streaked on 55 sheets of filter paper (18 X 22 inches) and chromato- 
graphed in methyl Cellosolve, and the UG was located with the aid of 
guide strips and eluted. The eluates were placed on eight sheets and run 
in water-saturated phenol, and the chief ninhydrin-positive area (the sec- 
ond from the starting line) was eluted. The material from the phenol run 
was then placed on four sheets and isolated after chromatography in the 


§ Amino acids can also be located accurately by this technique. 
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butanol-acetic acid solvent. The eluates from one sheet and the com- 
bined eluates from the other three were made up to 5 and 15 ml., respec- 
tively, and were designated Samples A and B. 

Aliquots of Samples A and B gave single ninhydrin-positive areas on one- 
dimensional chromatography in methyl Cellosolve, phenol (acetic acid 
vapors), and butanol-acetic acid and on paper electrophoresis at pH values 
ranging from 2.4 to 10.2. Sample B contained 1.38 mg. of solid per ml. 
This indicates that the minzimal content of UG in the original sample was 
approximately 50 mg. per cent. Analytical results to be reported sub- 


= 
B 


UG 

.' 

PHENOL < 
Fic. 2. Chromatograms made in phenol (acetic acid vapors) and methyl] Cello 
solve of aliquots corresponding to 69 y of UG before (B) and after (A) hydrolysis in 


6 x HCl for 48 hours at 105° showing the complete destruction of UG and the ap- 
pearance of ethanolamine and serine as the sole ninhydrin-reactive constituents. 


sequently show that the amounts of UG in Samples A and B were virtually 
identical. 

Results of Complete and Partial Acid Hydrolysis of UG- Fig. 2 shows 
chromatograms of UG before and after hydrolysis in 6 ~ HCl in a sealed 
tube at 105° for 48 hours. The phenol run was performed in a box sat- 
urated with vapors of glacial acetic acid in order to minimize losses of eth- 
anolamine. The two spots given by the hydrolysate were identified as 
serine and ethanolamine by cochromatography with various amounts of 
the known substances. In no instance was there any evidence for the 
appearance of more than one spot for each substance. The ethanolamine 
spot coincided with that given by known samples of ethanolamine when 
phenol runs were performed in either acetic acid or ammonia atmospheres, 
the movement under alkaline conditions being considerably slower. Tests 
for inorganic phosphorus were negative when applied to the unhydrolyzed 
material and the usual phosphate spray reagents gave negative results on 
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paper chromatograms. A strong test for inorganic phosphate was al- 
ways obtained after acid hydrolysis. 

Experiments were then performed in which samples of UG were studied 
after varying periods of heating with either | or 6 Nn HCI at 100° or 105°. 
The hydrelysates were taken to dryness in vacuo and subjected to paper 
chromatography in the phenol (acetic acid atmosphere) and methyl Cel- 
losolve solvents and to paper electrophoresis in 0.05 m_ barbital buffer, 
pH 8.4 to 8.6, at 300 to 350 volts for 3 to 6 hours. The two-dimensional 
chromatography enabled the detection of 0.5 to 1 y of serine and 1 y of 
ethanolamine. However, complete separations of EP and SP from UG 
were not always achieved. Excellent separations in the anodic direction 
were obtained of EP and SP from UG, serine, and ethanolamine and from 
each other by paper electrophoresis. The positions of serine and UG near 
the point of application of the sample were not distinguishable by the latter 
method. Ethanolamine traveled to the cathode, frequently going off of 
the paper when periods longer than 4 hours were employed. The sen- 
sitivity of the ninhydrin reaction for ethanolamine and serine on barbital- 
treated paper was vpry low, suggesting an interaction with the buffer ion. 

Hydrolyses with | nN HCl at 100° for periods of 5, 15, 30, 60, and 90 min- 
utes showed the gradual formation of small amounts of ethanolamine, 
serine, EP, and SP. The serine and EP appeared to be formed somewhat 
faster than the ethanolamine and SP. Typical results for hydrolyses per- 
formed in 6 N HC] at 105° in a sealed tube are shown in Figs. 3, A and 3, B. 
All four of the above constituents were detected, the sequence of liberation 
of substances being the same as that deseribed for the milder acid con- 
ditions. No inorganic phosphorus was liberated in 45 minutes in 6 nN HCI, 
a time at which ethanolamine, serine, EP, and SP were easily detectable. 
The gradual liberation of serine under the above conditions would rule out 
the existence of an acyl phosphate linkage of this amino acid in UG. 

Products Formed during Alkaline Hydrolysis of UG- -Experiments were 
performed in a similar manner to those described above with alkaline hy- 
drolysis. Samples which were hydrolyzed in 0.1 N NH,OH for 1, 2, and 3 
hours at 105° in a sealed tube and studied after removal of ammonia in 
vacuo over H.SO,4 showed a gradual destruction of the UG with the con- 
comitant appearance of EP. No serine, ethanolamine, or SP was ever de- 
tected in these samples. When hydrolysis was performed in 0.5 Mm Ba(OH)- 
for 1 hour at 100° (followed by removal of barium as the carbonate), there 
was complete destruction of UG with only the appearance of EP. Since 
no serine was found at any time by methods which could easily detect 1 y 
of the amino acid, it was concluded that serine is destroyed directly on the 
compound under alkaline conditions and not after liberation as the free 
amino acid. 
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All Amino Groups of UG Are Free—To an aliquot containing approx- 
imately 140 y of UG in a micro beaker were added a few crystals of sodium 
nitrite and 0.2 ml. of 6N HCI (15). At the end of 10 minutes the contents 


Fic. 3, A. Chromatograms, made as described in Fig. 2, of samples corresponding 
to 138 y of UG after 1, 3, and 5 hours of hydrolysis in 6 N HCI at 105° showing the 
incomplete destruction of UG and the progressive liberation of serine, ethanolamine, 
EP, and SP. Suitable control chromatograms were made with known samples of the 
above compounds. 


Fic. 3, B. Results of paper electrophoresis (0.05 mM barbital buffer, pH 8.6, 3 hours, 
300 volts), together with known markers, of aliquots of the above hydrolysates cor- 
responding to 69 ¥ of UG showing the progressive formation of EP and SP during 
acid hydrolysis. The migration was toward the anode. The spots of UG and serine 
overlapped at the origin. 


were taken to dryness rapidly in vacuo over NaOH flakes. The residue 
was taken up in 6 n HCl, hydrolyzed in a sealed tube at 105° for 48 hours, 
and subjected to chromatography. No trace of ninhydrin-reactive sub- 
stance was found on the developed chromatograms. Similar results were 
obtained by reaction with ninhydrin. Aliquots containing approximately 
70 and 140 y of UG were subjected to chromatography in phenol and Cel- 
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losolve solvents, sprayed with ninhydrin solution, and dried at room tem- 
perature for 24 hours. The colored area containing the UG was eluted 
and the eluate was hydrolyzed with 6 N HCl in the usual manner. Chro- 
matography of the hydrolysates revealed a complete disappearance of 
serine and ethanolamine in the case of the smaller sample. Only small 
amounts of both substances were found on the chromatogram from the 
larger sample, suggesting incomplete reaction with ninhydrin. 

The above experiments show that the amino groups of both serine and 
ethanolamine are free in the original compound and rule out the possibility 
of a peptide linkage between serine and ethanolamine or of a N—P bond 
with either substance. The above results, together with those cited in 
previous sections, indicated UG to be a compound in which both ethanol- 
amine and serine were bound to the same phosphate group by ester linkage 
through the hydroxyl groups. 

Enzymatic Degradation of UG—In view of the known lability of serine 
and ethanolamine during prolonged acid hydrolysis (16) and the lability 
of the serine of UG in alkali, it was necessary to find other means of lib- 
erating the constituents of UG for accurate quantitative analysis. A 
survey in which paper chromatographic investigation was made of incu- 
bation mixtures with various enzymes revealed that the crude venom of 
(. adamanteus could liberate all of the serine from UG, the only other prod- 
uct being EP. When the reaction was stopped before completion, only 
UG, EP, and serine were detected. Immersion in boiling water for 1.5 
to 3 minutes destroyed all of the activity. In the quantities used, the 
venom contained no detectable ninhydrin-reactive impurities. Correlative 
experiments revealed that there was no breakdown of EP or SP by the 
venom under the conditions of incubation. The absence of phosphomono- 
esterase activity in this venom is well known (17). Interestingly, purified 
phosphodiesterase from the same sample of venom had no activity on UG. 
The venom produced only slight hydrolysis of comparable amounts of 
GPE, as determined by disappearance of GPE and by liberation of eth- 
anolamine and EP under conditions of incubation which resulted in com- 
plete breakdown of UG to serine and EP. The above results indicate that 
the snake venom enzyme acting on UG must possess considerable spe- 
cificity. Further work along this line awaits the availability of suitable 
serine-containing model compounds. Work on purification of the snake 
venom enzyme is In progress. 

It appeared feasible to use the hydrolysis by snake venom for the quan- 
titative determination of the serine content of UG by the paper chro- 
matographic procedure of Roberts and Frankel (14) in which one-dimen- 
sional paper chromatography in 90 per cent methyl! Cellosolve is employed, 
by which procedure wide separations could be achieved between EP and 
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serine (see Fig. 3, A). Standard curves were run with each determination 
and uniformity of color intensity from one experiment to the next was in- 
creased by development of the chromatograms at 37° and 55 per cent hu- 
midity after spraying with ninhydrin. Preliminary experiments showed 
that quantitative recoveries could be made of p- and pi-serine which had 
been incubated with snake venom under conditions which gave complete 
breakdown of UG. The venom possesses an oxidase which attacks a vari- 
ety of L-amino acids, but which has no action on serine under the con- 
ditions used (see Bender and Krebs (18) for similar findings with cobra 
venom). 

Potato phosphatase liberated only small amounts of ethanolamine and 
serine upon prolonged incubation with UG, but hydrolyzed SP and EP 
rapidly. The addition of this enzyme after heat coagulation and cen- 
trifugation of incubation mixtures of UG with snake venom resulted in 
complete hydrolysis of EP with liberation of ethanolamine and phosphorus. 
One-dimensional paper chromatography either in phenol (acid atmosphere) 
or in methyl Cellosolve was used for the quantitative estimation of eth- 
anolamine after it was shown that the phosphatase preparation did not 
degrade ethanolamine. 

UG Contains Serine, Ethanolamine, and Phosphorus in Molar Proportion 
of 1:1:1——-Table I contains data on the composition of UG obtained by the 
application of quantitative paper chromatography to enzymatic digests 
of UG with snake venom and potato phosphatase. Table I shows that 
the molar ratios of ethanolamine, serine, and phosphorus are 1:1:1.  Anal- 
yses for these three constituents accounted for approximately 96 per cent 
of the weight of the material (Table I). The nitrogen and carbon contents 
are consistent with the quantities of serine and ethanolamine. The sim- 
plest structure that would fit the analytical data is that of the phospho- 
diester of serine and ethanolamine. 

UG Is Phosphodiester of Scrine and Ethanolamine: Results of Paper Elec- 
trophoresis of UG and Related Compounds—A series of experiments was 
performed in which UG, EP, SP, GPE, serine, and ethanolamine were 
subjected to paper electrophoresis at various pH levels (Table I1). All of 
the interpretations were made on the basis of comparative mobilities in 
simultaneously performed experiments, since the limitations of the tech- 
nique (19-21) do not allow accurate calculation of ionic mobilities. 

At pH 7.36 the mobility of UG was similar to that of serine, indicating 
that UG contains a like number of acidic and basic functions and is there- 
fore the phosphodiester. It would be expected that UG would behave as a 
slightly stronger acid than serine because of the positive inductive effects 
(acid-strengthening) of the phosphorus and oxygen atoms and the loss of 
the negative inductive effect of the negative charge on the phosphoric acid 
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oxygen (22). The above reasoning is similar to that employed to explain 
the fact that the acidity of the carboxyl group of 3-phosphoglyceric acid is 


Taste | 
Stoichiometry of UG 


A mixture of the following composition was incubated for 4 hours at 37°: 300 gl. 
of 0.1 M ammonium acetate, pH 9.2, 100 wl. containing 138 y of UG, 200 ul. containing 
1.5 mg. dry weight of snake venom, and 25 ul. of 0.1 m MgCls. After heat coagula- 
tion and centrifugation 25 and 50 ul. aliquots of the above mixture and a suitable 
series of standards of pL-serine were run on one-dimensional descending paper chro- 
matograms in 90 per cent methy! Cellosolve and quantitative estimations were made 
of serine content (14). To a 200 wl. aliquot of the above incubation mixture were 
added 100 ul. of potato enzyme (SO units) and 50 wl. of 0.2 M acetate buffer, pH 5.05, 
and the mixture was incubated for 4 hours at 37°. 50 and 100 wl. aliquots of the su- 
pernatant fluid were used for phosphorus determination, and similar aliquots were 
analyzed for ethanolamine following one-dimensional chromatography, with suit- 
able standards prepared from redistilled ethanolamine, in water-saturated phenol 
(acetic acid atmosphere) for Sample A and 90 per cent methy! Cellosolve for Sample 
B. 

Molar Ratios of Serine, Ethanolamine, and Phosphorus 


-_— 


| | 
Sample Treatment Serine _ Ethanolamine Phosphorus 


| pm perml. per mi. per mil. 
A Snake venom 5.8 0.0 0.0 
Potato phosphatase | 0.0 | 5.7 6.1 
B Snake venom 5.8 0.0 0.0 
_ Potato phosphatase | 0.0 5.8 5.7 


Comparison of Analytical Values for Sample B with Those Calculated for Phosphodiester of Serine and 
Ethanolamine 


Quantity Found | Calculated* 
per mi. | per mil. 
Dry weight. | 1380 | 
Nitrogen... 175 | 170 
Carbont. | 3904 | 363 
Serine | 60S | 630 
kthanolamine. . 351 363 


Phosphate... 363 | 387 


* Values for phosphate calculated on the basis of O=P—OH); serine, HOOC— 


CH(NH.)CH,O—; ethanolamine, HeNCH,CH,O—. 
t Carbon analysis on a single sample by Du-Good Microchemical Company. 


greater than that of glyceric acid itself (22). The experimental findings 
(Table IL) are consistent with UG possessing a somewhat greater acidity 
than serine in accordance with the postulated structure. Thus, although 
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the mobilities of UG and serine were identical at pH values of 7.36, 8.12, 
and 8.56, the UG showed a greater anodic migration than serine at pH 
9.01 and 10.15 and a smaller cathodic movement at pH 2.38. 

It would be expecied that the anodic movement of GPE would increase 
with increasing pH because of the progressive decrease of positive charge 
on the amino group of ethanolamine. However, although the cathodic 


Il 
Comparative Mobilities of UG and Related Substances on Paper Electrophoresis 


Determinations were made on all substances tested simultaneously on the same 
paper at each pH value. 35cm. squares of Whatman No. | paper were folded in half 
and hung over a glass rod with the edges dipped into buffer reservoirs connected with 
the electrode vessels by wicks. After the paper was completely wet with buffer, 
samples containing approximately 50 7 of test substance were placed at the apex at 
5 em. intervals. The voltage was adjusted to 350 volts in each instance and the 
experiment terminated in exactly 180 minutes. No attempt was made to regulate 
current flow, which varied from 3 to 10 ma. in different experiments. The dried 
sheets were sprayed with 0.1 per cent ninhydrin in butanol and allowed to develop 
at 37°. The distance traveled by each substance was measured from the origin to 
the mid-point of the ninhydrin-reactive area. 


Distance from origin toward anode (+-) or cathode (—) 


pH Buffer 
UG EP SP_— GPE Serine 
mm an. | mm. | om. on. 
2.38 1.0 M acetic acid —35 | -17 +24 | -13  —54 | -—140 
7.36 0.05 “ Tris* —13 | +56 | +124 —125 
8.12 0.05 « ~13 | +64 | -12 -120 
8.56 — = —7 +64 +130) —13 | —107 
9.01 0.05 +7) +67 | +134) -13) -91 
10.15 0.05 “ AMP +27 | +61 | +120) +4) —68 


*Tris = tris(hydroxymethyl)aminomethane; AMP = 2-amino-2-methyl-1,3- 
propanediol. 


mobility of ethanolamine decreased between pH 2.38 and 9.01, that of 
(iPE remained constant. The small constant migration of GPE toward 
the cathode can probably be attributed to electroendosmotic flow (20, 21). 
A further analysis of the anomalous behavior of GPE would appear to be 
worth while. 

Serine in UG Possesses L Configuration—Incubations of UG and equiv- 
alent quantities of D- or pL-serine were made for 44 hours at 37° in mix- 
tures of the following composition: 200 ul. of 0.05 Mm pyrophosphate buffer, 
pH 8.3, 100 ul. containing 138 y of UG or 62 y of pb or pL-serine, 200 ul. 
containing 1.5 mg. of dry weight of snake venom, and 25 ul. of 0.1 m MgCh. 
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Following heat coagulation and centrifugation, 200 ul. aliquots of the super- 
natant fluids were incubated with 100 ul. of a homogenate containing 2 
mg. of sheep kidney acetone powder (p-amino acid oxidase) in pyrophos- 
phate buffer for 4 hours at 37°, after which the tubes were placed in boiling 
water for 2 minutes and centrifuged. Aliquots from the incubation mix- 
tures with snake venom (50 ul.) and with the sheep kidney preparation 
(75 ul.) were then subjected to one-dimensional paper chromatography in 
90) per cent methyl Cellosolve and water-saturated lutidine, together with 
known samples of pi-serine. The intensity of the ninhydrin color given 
by the serine liberated from UG by snake venom was unaltered by treat- 
ment with D-amino acid oxidase, while that given by pL-serine was dimin- 
ished considerably. pb-Serine was completely destroyed by the pb-amino 
acid oxidase. These results show clearly that serine liberated from UG 
has the L configuration. 

UG Was Not Detected in Extracts of Mouse Tumors or Chick Embryos— 
It was of interest to determine whether UG constitutes a detectable pro- 
portion of the material identified as EP by Awapara et al. (3) and found by 
us in considerable amounts in a position under glutamic acid on chromato- 
grams of extracts of various mouse tumors (13) and in chick embryos.! 
Extracts were prepared in the usual way from a number of transplantable 
squamous cell carcinomas and rhabdomyosarcomas and of whole 7 to 8 
day-old chick embryos. Two-dimensional chromatograms were made of 
the original extracts and of comparable aliquots after incubation under 
suitable conditions either with snake venom or with potato phosphatase. 
In none of the samples was there any disappearance of the chromatographic 
spot or any detectable increase in serine content after incubation with 
snake venom. Alanine and valine were destroyed by the action of the 
L-amino acid oxidase, while the serine, glycine, taurine, and glutamic and 
aspartic acid spots appeared with undiminished intensity. The spot under 
glutamic acid disappeared completely upon incubation with potato phos- 
phatase and that of ethanolamine appeared in considerable intensity. No 
other changes were noted in the extracts treated with the latter enzyme. 
These results indicate that the tumors (and probably other mammalian 
tissues) and chick embryo contain large amounts of EP but no UG de- 
tectable by this method, thus differing from turtle tissues. These experi- 
ments do not exclude the possibility of the existence of UG in amounts 
which would escape detection by the methods employed. 


DISCUSSION 


Several possibilities can be suggested for the participation of the phos- 
phodiester of L-serine and ethanolamine in metabolic processes. Such a 
compound could conceivably serve as a donor of serine, ethanolamine, 
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phosphorylserine, or phosphorylethanolamine moieties in synthetic reactions 
leading to the formation of cephalins. Since both the amino and carboxyl 
groups of the serine are free in this compound, its participation in phospho- 
protein synthesis may also be anticipated. Attempts are in progress to syn- 
thesize the phosphodiester so that sufficient quantities will be available to 
examine its possible metabolic réles. The biological significance of the 
occurrence of large amounts of this substance in turtle tissues is not clear. 
A study of its distribution is being extended to other species. 


SUMMARY 


1. A new phosphorus-containing compound has been isolated from turtle 
muscle. 

2. Extensive application of paper chromatographic methods and paper 
electrophoresis to samples of the compound which were degraded by chem- 
ical and enzymatic means has led to the determination of its structure as 
the phosphodiester of L-serine and ethanolamine. 


We wish to thank Dr. Morris Friedkin and Dr. David Lipkin for their 
interest in this work and their helpful suggestions. 
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MOLECULAR-KINETIC PROPERTIES OF CRYSTALLINE 
DITSOPROPYL PHOSPHORYL TRYPSIN 


By LEON W. CUNNINGHAM, Jr.* 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, April 10, 1954) 


Recent papers from this laboratory (1, 2) have dealt with the results of 
molecular-kinetic analyses of trypsin, trypsinogen, and DIP-trypsin.! The 
purpose of the present investigation was to broaden the scope of such 
studies so as to include measurements of the diffusion constant and the 
electrophoretic behavior of DIP-trypsin. The diffusion data have been 
used in conjunction with the previously determined sedimentation con- 
stant to calculate the molecular weight of DIP-trypsin as it normally exists 
in solution. 


EXPERIMENTAL 


Preparation of DIP-Trypsin—In the course of investigations of the 
molecular-kinetic properties of DIP-trypsin, two methods for preparing 
this protein were used. The first involved simply a preliminary incubation 
of DFP with a concentrated solution of trypsin in borate buffer at pH 
8, followed by the application of Kunitz and Northrop’s procedure (3) 
for the crystallization of trypsin. The other method, subsequently de- 
vised, utilized more dilute solutions and the presence of calcium during the 
initial inhibition step and led to considerably higher yields than any yet 
reported. This latter method is described below. Several features of the 
procedure described by Jansen and Balls (4) have been incorporated. The 
final crystalline proteins derived by either of these two methods behaved 
identically under all conditions studied. 

Inactivation—15 gm. of commercial crystalline trypsin (Worthington), 
containing approximately 50 per cent MgSQO,, were dissolved in 200 ml. 
of 0.001 n HCl. The pH was lowered to 3 with HCI and the solution di- 
alyzed against 0.001 Nn HCl to remove the salt.2, This solution was then 
diluted to a final volume of 375 ml., by the addition of 0.001 nN HCl and 
sufficient 2 m CaCl, to give a final CaCl, concentration of 0.2 Mm. To this 


* Present address, Department of Biochemistry, Vanderbilt University School of 
Medicine, Nashville, Tennessee. 

‘The abbreviations used are as follows: DIP-trypsin, the crystalline but en- 
zymatically inactive protein obtained after the reaction of trypsin with diisopropyl 
fluorophosphate (DFP); BAEF, a-benzoyl-L-arginine ethyl] ester. 

2 If dialysis is omitted, in the next step, where CaCl. is added, considerable pre- 
cipitation of CaSO, occurs, which must then be removed by filtration. 
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solution, 375 ml. of 0.4m borate buffer, pH 8.0, containing 0.6 ml. of pure 
DFP, were added slowly with stirring. The resulting precipitate was fil- 
tered and discarded and the clear filtrate was allowed to stand for 1 hour. 
At the end of this time, a negligible quantity of active trypsin remained as 
determined by esterase assay with BAEE as substrate. 

Crystallization—The pH was then lowered to 3 with HCI and the solution 
(740 ml.) brought to 0.4 saturation by the addition of solid ammonium 
sulfate (179 gm.). After standing overnight in the cold the precipitate, 
consisting chiefly of CaSO,, was removed and the clear filtrate was brought 
to 0.7 saturation by the addition of more solid ammonium sulfate. After 
standing at room temperature for 8 hours, the protein precipitate was col- 
lected on a Biichner funnel (22.6 gm. of damp filter cake). The precipitate 
was then dissolved in 100 ml. of water, the pH was raised to 4.5, and a very 
slight turbidity was removed by gravity filtration. The protein was re- 
precipitated by 0.7 saturation with solid ammonium sulfate, and the pre- 
cipitate was collected by filtration with suction (22.5 gm. of damp filter 
cake). The filter cake was then dissolved in 20 ml. of water and the solu- 
tion clarified by gravity filtration.* 20 ml. of 0.4 m borate buffer, pH 9, 
were then added; yielding a final pH of approximately 8. The solution 
was placed in the cold overnight. The crystalline precipitate was removed 
on the next day by filtration with suction (12 gm. of damp filter cake). 
This crystallization step may be facilitated by the addition of seed crystals, 
and by the addition of saturated MgSO, solution up to 50 per cent satura- 
tion, though neither is generally required. 

Recrystallization—The crystalline filter cake was then added to 9 ml. of 
water and brought into solution by the careful dropwise addition of 5 N 
H2SO, to pH 3. Any turbidity was removed by gravity filtration. To 
the clear filtrate were added 9 ml. of 0.4 m borate buffer, pH 9, and the 
final pH was adjusted to 8 by the addition of a mixture of the borate buffer 
and 2 N NaOH (7:3). After allowing the solution to stand in the cold 
overnight, it was filtered with suction (weight of damp crystalline filter 
cake 8.8 gm.). This filter cake was redissolved in about 7 ml. of water and 
recrystallized as described (weight of damp filter cake 6.2 gm.). This last 
crystalline precipitate was dissolved in 70 ml. of water at pH 3 (adjusted 


3 In a few DIP-trypsin preparations it was found that an appreciable quantity of 
material remained insoluble at pH 3 at this point. When this material was removed, 
the filtrate was clear but rapidly turned cloudy on standing. If allowed to stand, 
considerable quantities of amorphous precipitate were obtained. This anomalous 
behavior has been observed with trypsin itself in at least one commercial sample. 
While no explanation for this observation has yet been found, the loss of material 
may be minimized by filtering and rapidly adjusting the solution to the conditions 
described for crystallization. When the crystalline precipitate is then redissolved 
at pH 3, in most cases no reappearance of the precipitation occurred. 
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with 5 n H2SO,); the solution was then dialyzed on a rocking dialyzer 
against 0.001 n HCl until salt-free, shell-frozen, and lyophilized. Yield, 
2.7 gm. of dry powder (approximately 40 per cent). Yields varied gener- 
ally from 35 to 50 per cent. 

Diffusion Measurements—These were carried out by using the electro- 
phoresis instrument made by Frank Pearson Associates and an electro- 
phoresis cell of the standard size Alberty type. The optical system was of 
the Philpot-Svensson type with a diagonal slit. All runs were made at 
0.9°. Boundary sharpening was used to reduce the zero time correction 
(5). Eight to ten exposures were made for each run and a diffusion co- 
efficient was calculated for each exposure by the maximal ordinate-area 
method (6). In all cases examined, the refractive index gradient curves 
were practically indistinguishable from the normal curve of error. Extra- 
polation of the calculated values to zero time yielded the value for the dif- 
fusion coefficient at the particular protein concentration. A complete 
description of this technique has been given in an earlier paper from this 
laboratory (1). 

Electrophoresis Measurements—The Perkin-Elmer electrophoresis in- 
strument was used for all electrophoresis studies. Samples were usually 
prepared by dissolving lyophilized DIP-trypsin in the desired buffer and 
then dialyzing against the buffer for 4 to 5 hours in a rocking dialyzer. 
These short periods of equilibration were used, since, after 24 to 36 hours 
of dialysis, several additional electrophoretic components appeared. These 
components are probably related to the proteolytic action of small amounts 
of residual trypsin in the preparations of the inhibited enzyme. Conduct- 
ance measurements were made on both the protein solution and the di- 
alysate. The shorter but more vigorous dialysis was sufficient to bring 
these values into satisfactory agreement. Photographs were taken of the 
initial boundary and after varying periods of electrophoresis. Enlarged 
tracings of the photographs were then made and superimposed, and the 
distance of migration was measured between the maxima in the refractive 
index gradient curves. With the exceptions just described, the general 
procedure was that commonly employed. 


Results 


Diffusion—The results of measurements of the diffusion coefficient of 
DIP-trypsin at several protein concentrations are given in Fig. 1. The 
data of Tietze (1) for the diffusion coefficients of trypsinogen are also shown 
for comparison. It is apparent that no significant difference in the dif- 
fusion coefficients of these proteins can be detected, and that within the 
limits of these measurements the diffusion coefficient is independent of 


- protein concentration. The diffusion constant (Doo,.) obtained by extra- 
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PERCENT PROTEIN 


Fic. 1. Concentration dependence of the diffusion coefficients of DIP-trypsin and 
trypsinogen (1) in acetate buffer at pH 3.86 and at 0.9°. D is the experimentally 
measured diffusion coefficient, uncorrected for viscosity or temperature. @, present 
data; A, data obtained by Tietze (1) for trypsinogen. 


TABLE I 
Electrophoretic Mobilities of DIP-Trypsin at Various pH Values* 


Major componentf Minor componentt 
Buffer and pH Ua ud Ua Ud 
X 10*5 cm.-2 sec.~! volt=! 

0.02 m NaAc, 0.08 m NaCl, adjusted 

to pH 3.84 with HAc................ 5.45 5.01 
0.02 m NaAc, 0.18 m NaCl, adjusted 

to pH 3.87 with HAc................ 4.58 4.34 
0.02 m maleic acid, 0.18 m NaCl, ad- 

justed to pH 6.24 with NaOH....... 2.45 2.27 
0.04 m Na Veronal, 0.06 m NaCl, ad- 

justed to pH 7.90 with HCl......... 2.26 2.09 1.96 1.76 
0.02 m Na Veronal, 0.08 m NaCl, ad- 

justed to pH 8.65 with Veronal...... 2.77 2.68 2.37 2.13 
0.04 m Na Veronal, 0.06 m NaCl, ad- 

justed to pH 9.13 with HCl......... 2.77 2.68 2.29 2.25 
0.04 m Na glycinate, 0.06 m NaCl, ad- 

justed to pH 10.20 with HCl........ 0.34 0.48 | Pronounced asymmetry 
0.02 m Na glycinate, 0.08 m NaCl, ad- 

justed to pH 10.54 with glycine..... —0.09 | —0.045 
0.04 m Na glycinate, 0.06 m NaCl, ad- 

justed to pH 11.25 with HCl........ —6.23 | —5.49 —5.27 —4.89 
0.02 m Na glycinate, 0.18 m NaCl, ad- 

justed to pH 11.82 with glycine..... —7.42 | —6.97 
0.04 m Na Veronal, 0.03 m NaCl, 0.01 m 

CaCl2, adjusted to pH 8.75 with 3.46 3.40 2.98 2.74 


* pH measured at the temperature of the experiment, 0°. The Cambridge model 
R instrument, with the high pH electrode when necessary, was used. 
t a and d refer to ascending and descending boundaries. 
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polation to zero protein concentration and after correction for temperature 
and viscosity = 9.40 X 1077 em.? sec. By using the value for 820, pre- 
viously determined (2), 7.e. 2.50 8, and assuming a partial specific volume 
of 0.73 (1), the molecular weight of DIP-trypsin is calculated to be 23,800. 
This is very nearly the same as the value of 24,000 given earlier (2) on a 
basis of more limited diffusion data. The frictional ratio f/fo for DIP- 
trypsin was calculated to be 1.19. 

Klectrophoresis—The results of these experiments are summarized in 
Table I. In no case were more than two components observed. At the 
lowest pH, 3.8, the protein moved as a single component. At pH 6.24, 


i 2 


3 


5 
Fic. 2. The electrophoretic behavior of DIP-trypsin. The pH of the run and the 
time of electrolysis were as follows: (1) pH 3.84, 82 minutes; (2) pH 6.24, 167 minutes; 
(3) pH 7.90, 185 minutes; (4) pH 9.14, 160 minutes; (5) pH 11.25, 85 minutes; (6) pH 
8.75, 0.01 m CaCls, 138 minutes. The ascending boundary is shown in all cases. 


only one peak was seen, but some asymmetry was apparent. As the pH 
was raised toward the isoelectric point, a trailing component clearly sepa- 
rated from the major portion of the protein, comprising about 7 to 15 per 
cent of the total protein, with some indication that this percentage tended 
to increase with increasing pH. At pH 10.54, which is close to the iso- 
electric point, separation into components could not be obtained, but the 
spreading of the refractive index gradient curve was far more rapid than 
would be expected if due to diffusion alone. The close relationship of 
these two components was again demonstrated at pH 11.25 where both 
components are negatively charged, each constituting roughly 50 per cent 
of the total protein. At the highest pH investigated, 11.82, however, 
only one symmetric peak could be detected. Representative patterns are 
shown in Fig. 2. 
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DISCUSSION 


Jansen and Balls (4) previously reported a molecular weight of DIP- 
trypsin of 20,700. This value was determined from the phosphorus con- 
tent, assuming mole for mole interaction between inhibitor and enzyme. 
The agreement between this value and that reported in the present paper is 
quite satisfactory, particularly when consideration is given to the fact that 
the chemically determined molecular weight is likely to be low if no cor- 
rection is made for the small amount of phosphorus present in crystalline 
trypsin itself (2). Since within the limits of the sedimentation and dif- 
fusion measurements the reaction of DFP and its analogues with proteo- 
lytic enzymes does not alter the molecular weight of the protein, it seems 
proper to assume that the molecular weight of trypsin is also about 23,800. 

The electrophoretic behavior of DIP-trypsin appears to be similar to 
that of trypsin in the presence of divalent metal ions (7). The high value 
for the isoelectric point, pH 10.6 to 10.8, is confirmed, and the appearance 
and behavior of the second component are markedly similar. However, 
the relatively flat portion of the pH-mobility curve, between pH 6 and 9, 
occurs at a higher mobility in the case of trypsin in the presence of divalent 
metal ions than in the case of DIP-trypsin. Preliminary investigation 
of the behavior of DIP-trypsin in the presence of calcium ions (Table I) 
showed that, while the general picture of the major and minor components 
was unaltered, there was an increase of about 0.7 & 107° em.? see volt! 
in the mobility of the major component, thus indicating that the binding 
of divalent ions by the protein caused an increase in the positive charge on 
the molecules (8). 


The author wishes to acknowledge the assistance of Mr. Roger M. Wade 
in the performance of diffusion measurements and the encouragement and 
advice of Professor Hans Neurath. Thanks are due to the Lilly Research 
Laboratories, Eli Lilly and Company, Indianapolis, for the financial sup- 
port of this work. 


SUMMARY 


Measurements of the diffusion constant and of the electrophoretic mo- 
bility of crystalline diisopropyl phosphoryl! trypsin have been carried out. 
These data, in conjunction with previously reported molecular-kinetic 
parameters, yield a molecular weight of 23,800 and an isoelectric point of 
pH 10.5. 
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THE CONVERSION OF PROGESTERONE TO 17-HYDROXY-11- 
DESOXYCORTICOSTERONE BY FRACTIONATED BEEF 
ADRENAL HOMOGENATES* 


By JOHN E. PLAGER{ anp LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, March 5, 1954) 


We have previously reported the presence of two enzyme systems in the 
supernatant fraction of beef adrenal homogenates centrifuged at high 
speed, which would introduce the 17-hydroxyl group and 21-hydroxy] 
group into the progesterone molecule (1). Together with the 11-hydrox- 
ylase found in the mitochondria (2, 3) these systems make possible the 
conversion of progesterone to the adrenocortical hormones. In this paper 
we wish to present some characteristics of the 17-hydroxylase and 21-hy- 
droxylase systems. 


EXPERIMENTAL 


Tissue Preparation, Incubation, and Analytical Technique—Beef adrenal 
tissue was used in all the following work. This tissue was consistently 
obtained within 20 minutes after the animals had been killed. The excess 
fat was trimmed off the glands, after which they were packed in dry ice. 
The tissue, if not used immediately, was stored at — 10° and used within 1 
week after it was collected. 

The adrenals were removed from their capsules, minced with a razor 
blade, and homogenized by hand in a glass homogenizer of suitable size 
with 2.5 volumes of ice-cold Krebs-Ringer bicarbonate buffer, pH 7.4. 
The homogenate was then centrifuged for } hour at 20,000  g, after which 
the floating fat was removed with a stirring rod and the supernatant fluid 
poured off the sediment. Supernatant solution equivalent to 1.2 to 1.8 
gm. of fresh tissue was incubated per flask. 

Incubations were carried out in 125 ml. glass-stoppered Erlenmeyer 
flasks. 1 um of an alcoholic solution of progesterone-21-C™ (8000 ¢.p.m. 
per uM, observed count) was pipetted into the flask with 0.4 ml. of pro- 
pylene glycol, after which the alcohol was removed with a stream of air. 


* This work was supported in part by research grants from the American Cancer 
Society upon recommendation of the Committee on Growth of the National Research 
Council, Merck and Company, Inc., Rahway, New Jersey, and Ciba Pharmaceu- 
tical Products, Inc., Summit, New Jersey. 

t Research Fellow of the National Institute of Arthritis and Metabolic Diseases. 
United States Public Health Service. 
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When used, 7.5 um of adenosinetriphosphate (ATP) and 9 um of diphos- 
phopyridine nucleotide (DPN) per flask were added. 

20 ml. of Krebs-Ringer bicarbonate buffer, pH 7.4, containing 1 per cent 
nicotinic acid amide and saturated with 5 per cent CO.-95 per cent Os, 
were used as the incubation medium. To this the selected volume of 
homogenate and the proper cofactors were added. After the complement 
of each flask was complete, it was swirled for 1 minute, while a stream of 
5 per cent CO.-95 per cent O2 was passed over the liquid surface. It was 
then stoppered and incubated for 3 hours at 38° in a Warburg type shaker. 
Since a significant bacterial count was not detectable in the incubation 
flasks until after a 12 hour incubation period, it was not felt that the addi- 
tion of a preservative was necessary for the 3 hour incubation periods used 
in these experiments. 

After incubation, the contents of the flask were poured into a 100 ml. 
centrifuge tube containing about 2 gm. of NaCl. The NaCl was found to 
be useful in inhibiting any emulsion formation during the extraction proce- 
dure. It was dissolved in the solution by mixing with a glass loop stirrer, 
following which the solution was extracted four times with a 4:1 ether- 
chloroform mixture. The extract was evaporated to dryness under re- 
duced pressure in a water bath at 40°. The residue was transferred to a 
10 X 75 mm. test-tube with a dilute solution of methanol in chloroform, 
and this solvent was then removed by a stream of nitrogen. 

The extract was separated on a Zaffaroni type paper chromatogram (4); 
the propylene glycol-toluene system was used for 17-hydroxy-11-desoxy- 
corticosterone (Compound 8) and a Skellysolve C-propylene glycol system 
for the separation of progesterone, 17-hydroxyprogesterone, and 11-des- 
oxycorticosterone (DOC). Steroids which were expected in the extracts 
were chromatographed simultaneously on parallel strips as standards. 
The steroids were located on the paper strips with a Haines type ultra- 
violet scanner (5) and a portable Geiger counter. 

The chromatographic strips were dried by standing at room temperature 
overnight. Elution of the steroid areas was carried out by soaking the 
paper in several changes of absolute methanol for several hours. For 
estimation, the eluted products were plated on aluminum planchets and 
counted in a thin window Geiger counter. The amount of material plated 
on an area of 3.87 sq. cm. in all cases was less than 250 7; hence self-absorp- 
tion of radioactivity by the sample was negligible. All samples were 
counted for a sufficient period to make the count significant at 95 to 99 per 
cent. Several different aliquots of the standard progesterone solution 
covering the radioactivity range of the unknown samples were routinely 
plated and counted for each determination. The observed count of these 
standards was directly proportional to the weight of material on the re- 
spective plates. 
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Results 


Sex Difference in Enzyme Activity—During our original studies of cortical 
steroid synthesis, wide variations were noted in the relative amounts of 
17-hydroxylated products produced by supernatant preparations of glands 
taken at random from the slaughter-house. A check into the sex of the 
animals from which these adrenals were taken showed a marked difference 
between heifer and steer preparations; heifer preparations consistently 
showed several times the 17-hydroxylating activity (measured by Com- 
pound §) of the steer preparations. The range of results is presented in 
Table I. 

The ‘steer activity range’’ represents three occasions on each of which 
steer adrenals from several animals were incubated under the conditions 


TABLE 
Sex Difference in Adrenal Enzymatic Activity; Conversion of Progesterone 
to Desoxycorticosterone and Compound S 
Incubation for 3 hours at 37° in Krebs-Ringer bicarbonate buffer, pH 7.4, with 
7.5 um of ATP and 9 um of DPN per flask. 


Tissue source DOC Compound S 
per cent per cent 
Heifer activity range................. 40-58 22-29 
Non-pregnant heifers................. 43 24 
Steer activity range.................. 47-54 7-11 


described, in duplicate sets of flasks. The “heifer activity range”’ repre- 
sents twelve separate collections and duplicate incubations of heifer adrenal 
tissue. In all cases the conversion of progesterone to the respective prod- 
ucts checked within 2 per cent of each other in duplicate sets of flasks. 

With pregnant and non-pregnant heifers no marked difference in activ- 
ity was observed, while bull adrenals were tried once and showed the 
intermediate conversion noted. For this reason, heifer adrenals were con- 
sistently used in experiments in which maximal 17-hydroxylating activity 
was desired. 

Cofactor Requirements of 17- and 21-Oxidative Systems—A supernatant 
preparation of heifer adrenal was dialyzed against running, cold, distilled 
water for 15 hours and then incubated with progesterone in three series of 
flasks. ATP was added to the first, DPN to the second, and ATP and 
DPN to the third series. The percentage conversion and progesterone 
recovery in this experiment are listed in Table IT. 

There was no 17- or 21-oxidation with addition of ATP only, some 21- 
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oxidation but no significant 17-oxidation with only DPN, and a marked 
increase in both reactions with ATP plus DPN. 

If progesterone is added to an adrenal supernatant preparation, im- 
mediately extracted, and carried through the analytical procedure, its 
recovery will range around 85 per cent. Most of the unrecovered radio- 
activity is found evenly adsorbed on the surface of the chromatographic 
strips used for separation. In experiments in which appreciable produc- 
tion of desoxycorticosterone and Compound 8 occurs, the loss of activity 
by adsorption to the chromatographic strips is similar. On the other hand, 
15 per cent of the incubated radioactivity in the ATP plus DPN flasks can 
be accounted for in the aqueous incubation medium and is present in a 
form not readily extractable by the ether-chloroform mixture used in this 


Tasie II 
Cofactor Requirements of 17- and 21-Hydrorylases after Dialysis 
Incubation for 3 hours at 37° in Krebs-Ringer bicarbonate buffer, pH 7.4. 


Flask No. | Cofactor added DOC ‘Compound S a es 
per cent | per cent per cent | per cent 

ATP 
2 l SO | Sl 
3 DPN 22 2 55 79 
4 " 20 2 55 77 
5 ATP + DPN | 43 22 4 69 
6 co 8 | 39 | 22 4 65 


procedure. The form of the additional unrecovered material in the ATP 
plus DPN flasks is unknown; this loss has been found to increase with 
increasing 17-hydroxylating activity of the adrenal preparation. 

Effect of Dehydroisoandrosterone on Oxidation at Positions 17 and 21— 
Addition of dehydroisoandrosterone to the incubation medium has been 
found to have an effect on the relative production of desoxycorticosterone 
and Compound 8 from incubated progesterone. An example of this effect 
is presented in Table III. It will be noted that duplicate flasks check 
within 2 per cent of each other in the conversion of progesterone to desoxy- 
corticosterone and Compound 8. 

Approximately half as much desoxycorticosterone and 25 per cent more 
Compound $ were produced in the dehydroisoandrosterone flasks in com- 
parison to the control series. Despite the larger recovery of unchanged 
progesterone in the dehydroisoandrosterone flasks, the total count recov- 
ered here was smaller than that in the control. 

Repetition of this experiment provided equivalent results. The con- 
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version of progesterone to Compound S was 8 per cent higher and to 
desoxycorticosterone 12 per cent lower in the flasks containing added 
dehydroisoandrosterone when compared to the control flasks without 
dehydroisoandrosterone. The percentage conversion in duplicate flasks 
again checked within 2 per cent of each other. 

In order to gain more information about the réle of dehydroisoandros- 
terone in this conversion, an experiment was designed identical with the 
one above, except that non-labeled 17-hydroxyprogesterone instead of 
progesterone was used as substrate. The supernatant preparation used 
in this incubation was made from week and a half old heifer adrenals and 
showed less production of Compound S from 17-hydroxyprogesterone than 
is usually obtained. The conversion to Compound 8S and the 17-hydroxy- 


TABLE III 


Effect of 1 um of Dehydroisoandrosterone on Enzymatic Oxidation of 1 um of 
Progesterone-21-C'4 at Positions 17 and 21 


Incubation conditions identical with those in Table I. 


_Com- | Pro- 


Flask Total 
No. Additions DOC a | 

1 | ATP + DPN | 42 | 2 | 2.4 | 68.4 
2 | 41 | 2 | 2.9 | 68.9 
3 ‘co 4 +4 dehydroisoandrosterone | 22 | 31 | 8.3 | 61.3 
4 


progesterone recovery are listed in Table IV. The identification of these 
compounds was based on their Rr values on paper chromatograms, and 
the figures were obtained by quantitative analysis of the 240 mu peaks 
given by the eluted steroid areas in an ultraviolet recording spectropho- 
tometer. 

The Compound 8 production in both series of flasks was approximately 
the same. The substrate recovery, however, was significantly greater in 
the flasks containing the dehydroisoandrosterone. From 43 to 58 per cent 
of the incubated substrate was unaccounted for in the final analysis. 

Route of Conversion of Progesterone to Compound S—In their perfusion 
studies on beef adrenals Hechter et al. (6) noted that progesterone was 
converted to corticosterone and 17-hydroxycorticosterone, while desoxy- 
corticosterone went only to corticosterone. These workers suggested that 
17-hydroxylation cannot occur after 21-hydroxylation in the biological 
formation of 17-hydroxycorticosterone. Since their observations could 
conceivably have resulted from some characteristic of their perfusion 
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procedure rather than from the enzymatic specificity of the 17-hydroxyla- 
tion system, it was felt desirable to check this experiment with homoge- 
nates. 

A supernatant preparation of heifer adrenal was incubated with | uM of 
either progesterone, 17-hydroxyprogesterone, or desoxycorticosterone. All 
flasks were supplemented with ATP and DPN. The conversions obtained 
are listed in Table V. 


Tasie IV 


Effect of 1 um of Dehydroisoandrosterone on Enzymatic Oxidation of 1 um 
of 17-Hydroryprogesterone to Compound S 


Incubation conditions identical with those in Table I. 


17-Hydroxy- 


Flask No. Additions progesterone 
recovery 
¥ per cent per cent 
l ATP + DPN 40 2.6 
9 ‘6 44 1.0 
3 4 +4 dehydroisoandrosterone 13.5 
4 44 13.5 
Tasie V 


Route of Conversion of Progesterone to Compound S, 1 um of Substrate per Flask 
Incubation conditions identical with those in Table I. 


Flask No. | Substrate Compound S$ DOC 
per cent per cent 

1 Progesterone 24 52 
2 22 56.5 
3 17-Hydroxy progesterone 56 None 
4 63 
5 Desoxyecorticosterone None 
6 


These data confirm the scheme of the order of 17- and 21-hydroxylation 
proposed by Hechter ef al. The tissue preparation had 17-hydroxylating 
activity, as evidenced by the production of Compound 8 from incubated 
progesterone. While 17-hydroxyprogesterone was also converted to Com- 
pound 8, desoxycorticosterone was not. Apparently 17-hydroxylation can 
only precede the 21-hydroxylation reaction. 

Evidence for Identification of Respective Steroids Throughout the course 
of this experimental work, spots on paper chromatograms have been iden- 
tified as known adrenocortical steroids. It would be worth while to pre- 
sent our evidence for this identification. 
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Since 4- or 21-labeled progesterone was converted to these materials, it 
can be presumed that these products were also steroids. The products 
identified as Compound 8 and desoxycorticosterone moved at the same 
rate as known samples of these steroids on paper chromatograms in either 
the formamide-benzene, the propylene glycol-toluene, or the propylene 
glycol-Skellysolve C systems. In effect this observation demonstrates 
that the partition coefficients of the unknown and reference substances 
between the various solvent pairs were identical. Furthermore, the 
material from the Compound § area of the chromatogram, when incubated 
with a known 11-hydroxylating system, yielded material with a partition 
coefficient between propylene glycol and toluene, identical with that of 
17-hydroxycorticosterone (Compound F) (1). 

If the steroids from the desoxycorticosterone, Compound §, and 
Compound F areas of the chromatographic strips were eluted and rechro- 
matographed in the Bush paper chromatographic system (7) with the 
benzene-methanol-water (55:45) system for Compound F and the benzene- 
Skellysolve C (33:66)-methanol-water (80:20) system for desoxycorticos- 
terone and Compound §, all three steroids still had the same Rr value as 
did their corresponding pure reference steroids. 

If these chromatograms were sprayed with ammoniacal AgNQO3;, the 
three areas exhibited the marked reducing properties characteristic of 
steroids with the 20,21-a-ketol side chain. If the areas were eluted and 
read in an ultraviolet spectrophotometer, they showed the peak in the 
region of 2400 A typical of a,8-unsaturated ketones. The area of radio- 
active Compound § of one such chromatogram was eluted and the eluate 
subjected to infra-red spectrophotometry. Its curve was found to be 
identical with the infra-red spectrum of an authentic sample of Compound 
S. 

The identification of these compounds was based on physical measure- 
ments which are not the usual ones employed in identification work, but 
which were adaptable to the minute amounts of material under investiga- 
tion. The evidence for identification was the correspondence of the 
partition coefficients of the unknown substance with those of its known 
counterpart in at least three different solvent systems. This identification 
was supported by one chemical test and an ultraviolet absorption curve 
and substantiated by the infra-red spectrum of a radioactive compound 
into which both the 17- and 21-hydroxyl groups were introduced enzy- 
matically. 


DISCUSSION 


In the experiment in which the cofactor requirements of the 17- and 
21-hydroxylating systems were studied, it should be noted that, while the 
most marked amounts of 21-oxidation took place in the DPN plus ATP 
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flasks, there was a significant formation of desoxycorticosterone in the 
flasks supplemented only with DPN. Since the reaction proceeds without 
ATP, this cofactor is probably not directly involved in the transformation. 
It has been previously observed that triphosphopyridine nucleotide (TPN ) 
serves well as a cofactor for this reaction, even though the particular 
experiment was not designed to compare its activity to that of DPN alone 
(1). One explanation for the present observation is that DPN will serve 
alone as a hydrogen acceptor for the 21-oxidation, but TPN is more effi- 
cient in this respect and the ATP plus DPN-augmented conversion repre- 
sented the synthesis of TPN in the incubating flasks (8). 

Another possibility is that the ATP, by forming a water-soluble inter- 
mediate between progesterone and its further oxidation products, not only 
makes possible the introduction of the hydroxyl group at carbon 17, but 
also increases the rate of reaction with the 21-hydroxylase. 

The 17-hydroxylating system differs in its cofactor requirement. This 
group was not introduced to any appreciable extent in either the flasks 
containing ATP alone or DPN alone, but only if both substances were used 
to supplement the incubation medium. Since high energy phosphate is 
required for the reaction, and examples of the utilization of this type of 
energy have so far been usually found to involve the formation of a phos- 
phate intermediate with the substrate, it is not unlikely that a similar 
phosphate intermediate is essential for the conversion of progesterone to 
17-hydroxyprogesterone. This type of compound is one possible explana- 
tion of the ‘“‘water-soluble loss’? noted in incubations in which high 17- 
hydroxylating activity was obtained. The main alternative to this inter- 
pretation of the data would require this enzyme system to have a specificity 
for TPN as its hydrogen acceptor which cannot be fulfilled by DPN. 

Jones and Wade (9) have incubated rat liver homogenates with various 
concentrations of progesterone and ATP and studied the effect of hormone 
on the rate of inorganic phosphate release from ATP. These workers 
suggested that progesterone was acting here as a regulatory mechanism on 
the rate of an enzymic reaction while undergoing metabolism at the same 
time. They further indicated that the metabolized progesterone may be 
present in an alternative water-soluble state. While we feel it is unlikely 
that progesterone is affecting any hepatic enzyme system to any degree 
greater than that requisite to its own normal metabolism, the ATP require- 
ment and the production of a water-soluble progesterone metabolite sug- 
gest a similar intermediate in the handling of progesterone by the hepatic 
system and by the adrenal 17-hydroxylating system. 

Until the form of the missing substrate is identified, it is rather fruitless 
to speculate on just what dehydroisoandrosterone is doing in these incuba- 
tions. The adrenal is known to contain the 33-ol-dehydrogenase system 
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(10), and large amounts of material identifiable as A‘-androstenedione 
have been seen on chromatograms from incubations carried out with added 
dehydroisoandrosterone. There is a strong possibility that one of these 
two steroids is acting as a competitive inhibitor of some side reaction or 
may inhibit some side reaction through a mass action effect. 


SUMMARY 


Supernatant preparations from high speed centrifugates of beef adrenal 
homogenates were effective in oxidizing positions 17 and 21 of the pro- 
gesterone molecule to form 17-hydroxy-11-desoxycorticosterone. 

There was found to be a sex difference in enzymatic activity, the adrenals 
from females producing a greater amount of 17-hydroxy-11-desoxycor- 
ticosterone. The production of this compound by bull adrenals was less 
and that of steer adrenals least. 

Some oxidation of carbon 21 occurred with DPN alone, but no signifi- 
cant oxidation of carbon 17 occurred unless both ATP and DPN were 
present. 

Addition of dehydroisoandrosterone to the incubation increased the 
amount of 17-hydroxy-11-desoxycorticosterone formed, but decreased the 
total recovery of lipide-soluble compounds. 

Approximately 15 per cent of the total radioactivity remained in the 
aqueous incubation medium, indicating the formation of a water-soluble 
compound during 17-hydroxylation. 

Oxidation of carbon 17 cannot occur after hydroxylation of carbon 21. 
The sequence must be 17-hydroxylation — 21-hydroxylation. 
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THE QUANTITATIVE SIGNIFICANCE OF GLYCOLYSIS AND 
NON-GLYCOLYSIS IN GLUCOSE UTILIZATION BY RAT 
MAMMARY GLAND* 


By 8. ABRAHAM, P. F. HIRSCH, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, May 12, 1954) 


It has been shown that, in various microorganisms (1-5) as well as in 
animal tissues (6-8), glucose is metabolized via the classical Embden- 
Meyerhof glycolytic scheme, or by a path involving oxidation of the alde- 
hyde carbon to CO». This latter pathway has been described as direct 
oxidation or the hexose monophosphate shunt. Attempts have recently 
been made to evaluate the quantitative significance of these two pathways 
in various mammalian tissues as well as in the intact animal. Although 
Bloom et al. (9) were unable to obtain evidence for the operation of a non- 
glycolytic pathway in the intact rat, they did find evidence for the direct 
oxidative pathway in the utilization of glucose by liver and kidney slices. 
In the case of muscle, however, carbohydrate oxidation appeared to proceed 
almost exclusively via the Embden-Meyerhof scheme (9). Subsequently, 
Katz et al. (10) showed that the amount of CO. produced from glucose by 
liver slices, via the direct oxidative path, is small and that the major portion 
of the CO.» produced from this hexose was formed glycolytically. 

The present report deals with the mammary gland of the lactating rat, a 
tissue with a considerable capacity for glucose utilization. It is demon- 
strated here that, in this tissue, the non-glycolytic pathway constitutes a 
major mechanism for glucose catabolism. This finding is in keeping with 
the recent demonstration by Glock and McLean (11) that the lactating 
mammary gland of the rat contains high concentrations of the dehydrogen- 
ases of glucose-6-phosphate and 6-phosphogluconate, in addition to the 
enzymes responsible for the breakdown of pentose phosphate. 


EXPERIMENTAL 


Substrates—Glucose evenly labeled with C™ (glucose-E-C"™), glucose- 
3,4-C™, and glucose-6-C™ were prepared in this laboratory as described 
previously (12-15). Glucose-1-C™ and glucose-2-C" were purchased from 
the National Bureau of Standards. All hexoses were shown to be chromat- 
ographically pure. Lactate-1-C"™, lactate-2-C™, and lactate-3-C™ were ob- 


* This work was supported by a contract with the United States Atomic Energy 
Commission. 
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tained from Dr. B. M. Tolbert. The variously labeled lactates were incu- 
bated as their sodium salts. 

Incubation Procedure—Mammary glands were excised from lactating 
Long-Evans rats that had been fed a stock diet,’ and slices of the glands 
were prepared free-hand. The incubation procedure has been described 
elsewhere (16). 

C' Determinations —Collection and determination of the C™O. evolved 
during these experiments have been described (17). At the end of the 
incubation period, the total lipides were extracted from the washed tissue 
slices with a mixture of alcohol-ether (3:1, volume per volume). The sol- 
vent was evaporated on the steam bath, and the residual lipide material 
was taken up in 10 ml. of chloroform. An aliquot of the chloroform solu- 
tion, which had been washed with water, was mounted on aluminum plates 
for C™ assay. Long chain fatty acids were determined in the following 
manner. 3 ml. of sodium ethylate solution (2.5 gm. of sodium dissolved 
in 100 ml. of 95 per cent ethanol) were added to the washed tissue slices, 
and the mixture was heated on the steam bath, under reflux, for 1 hour. 
At the end of that time, the alcohol was evaporated, and the residue was 
acidified with aqueous sulfuric acid. 10 ml. of chloroform were added and 
the flasks thoroughly shaken. The two phases were separated by centrifu- 
gation, and an aliquot of the chloroform solution was taken for C™ deter- 
mination as described above. In such a procedure the volatile fatty acids 
would not be retained. 


RESULTS AND DISCUSSION 


If the glycolytic pathway were the only mechanism available for glucose 
utilization in rat mammary gland, glucose-1-C' and glucose-6-C™ should 
yield equal amounts of CO, and also equal amounts of fatty acid-C™. 
The finding that 10 to 15 times as much CQO, was derived from the Ist 
carbon of glucose as from the 6th carbon (Tables I and IT) indicates that 
a considerable amount of glucose is utilized by rat mammary slices by way 
of a non-glycolytic pathway. Further support for the theory of a non- 
glycolytic pathway is offered by the additional finding (Tables I and I1) 
that the fatty acid-C™ recoveries in the experiments with glucose-6-C™ 
exceeded those found with glucose-1-C™. 

Bloom et al. (9) have pointed out that, if glycolysis were the only pathway 
for production of CO, from glucose, then the value (R) for the ratio 


1 The stock diet consisted of 67.5 per cent whole wheat, 15.0 per cent casein, 7.5 
per cent whole milk powder, 6.7 per cent vegetable oil, 1.5 per cent calcium carbo- 
nate, 1.0 per cent fish oil concentrate, and 0.75 per cent sodium chloride (contain- 
ing 150 mg. of potassium iodide per 280 pounds of diet). 
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COs from lactate-1-C™ + from lactate-2-C™ + COs from lactate-3-C™ 
3(C™Os from lactate-3-C™) 


should be identical with the value for the ratio 


CQ, from glucose-k-C'* 


CQ. from glucose-1-C™ 


Employing these ratios, and assuming that carbons 2 through 6 of the 
hexose molecule do not contribute at all to the CO. produced non-gly- 


TaBLe [ 
Incorporation of Various Carbons of Glucose into COs and Fatty Acids 


500 mg. of mammary slices were incubated for 3 hours at 37.5°. The medium 
consisted of 4.5 ml. of Krebs-Henseleit bicarbonate buffer (25) (pH 7.4) and 0.5 ml. 
of a solution containing 50 um of the labeled glucose. Gas phase, 95 per cent O2-5 
per cent CO». Duplicate flasks were incubated, and each figure reported below is 
the average of two separate determinations. 


Per cent of added C'* 
glucose recovered as 


Ret Ne. | Substrate 
CO: fatty acids 

1 (240)* Glucose-1-C!! 1.3 104 33.9 10.9 
Glucose -6-C 1.9 104 3.5 26.2 
Glucose-3 ,4-C'* 1.6 X 108 31.0 t 
Glucose-E-C!! 5.4 105 25.4 13.2 

2 (240) Glucose-1-C' 1.3 36.8 11.0 
Glucose -6-C 1.9 10! 3.7 28.8 
Glucose-3 ,4-C' 1.6 10° 29.0 t 
5.4 10° 21.1 9.9 


* Weight in gm. 
t Owing to the low activity of these samples, no accurate figure could be deter- 
mined. 


colytically, Katz et al. (10) derived equations for estimating the relative 
contribution of the glycolytic and the oxidative shunt pathways to the CO. 
derived from the catabolism of glucose as follows. 


CQO. from glucose-k-C™ 


v= — 
from glucose-1-C™ ’ (1) 
R(6U — 1) 
E = fraction of COs derived glycolyvtically = — 
ition o de d glycolvtiealh UGR 
Tee (2) 


C40, from glucose-1-C¥ ’ "1+ WER D 
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In an attempt to evaluate the quantitative significance of these two 
pathways of glucose catabolism in mammary gland, we investigated the 
conversion of lactate-1-C™, -2-C'™, and -3-C™ to COs by mammary gland 


TaBLeE IT 
Incorporation of Various Carbons of Glucose into COz and Lipides, and Effect of 
Lactate upon Incorporation 

500 mg. of mammary slices were incubated for 3 hours at 37.5°. The medium 
consisted of 4.5 ml. of Krebs-Henseleit bicarbonate buffer (25) (pH 7.4) and 50 um 
of the labeled glucose in 0.5 ml. The flasks which contained the unlabeled sodium 
lactate consisted of 0.5 ml. of the labeled glucose solution, 50 um of the lactate solu- 
tion in 0.5 ml., and 4.0 ml. of bicarbonate buffer. Gas phase, 95 per cent O2-5 per 
cent CO2. Duplicate flasks were incubated, and the figures recorded below are the 
average of two separate determinations. 


— Substrate Per cent incorporation 

(10 days post 

partum) Labeled CO. Lipide 

c.p.m. 

5 (380)* Glucose-1-C!4 0 7.1 xX 33.0 18.6 
Glucose-1-C" + 7.1 X 104 30.4 13.4 
Glucose-2-C'4 0 3.1 X 10+ 14.4 26.8 
Glucose-2-C'4 + 3.1 X 104 16.9 15.5 
Glucose-3 ,4-C!4 0 2.6 X 10% 10.5 7.4 
Glucose-3 ,4-C'4 + 2.6 X 108 2.5 5.0 
Glucose-6-C!4 0 3.6 X 10! 1.7 36.7 
Glucose-6-C!4 + 3.6 X 104 0.8 29.6 
Glucose-E-C'4 0 7.0 X 10! 21.4 14.5 
Glucose-E-C!4 + 7.0 10! 13.9 16.3 

6 (270) Glucose-1-C'4 0 7.1 X 104 29.0 15.2 
Glucose-1-C'4 + 7.1 X 104 27.7 11.3 
Glucose-2-C!4 0 3.1 X 104 17.3 26.8 
Glucose-2-C!4 + 3.1 X& 10% 16.1 18.4 
Glucose-3 ,4-C'* 0 2.6 X 108 18.4 7.4 
Glucose-3 ,4-C!4 + 2.6 X 103 5.3 5.0 
Glucose-6-C!4 0 3.6 X 10! 1.7 35.0 
Glucose-6-C™ + 3.6 X 104 0.9 29.2 
Glucose-E-C4 0 7.0 X 10% 22.0 14.5 
Glucose-E-C'4 + 7.0 X 104 11.0 11.0 


* Weight in gm. 


slices prepared from lactating rats. Results of the experiments are re- 
corded in Table III. When mammary slices were incubated with one of 
the C'*-lactates as sole substrate, the average value for R was 2.2, a value 
in close agreement with that obtained by Bloom et al. (9) in experiments 
with rat liver slices. Upon the addition of unlabeled glucose to the me- 
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TABLE III 

Effect of Glucose on Incorporation of Various Carbons of Lactate into CO2 and Lipides 

500 mg. of mammary slices were incubated for 3 hours at 37.5°. The medium 
consisted of 4.5 ml. of Krebs-Henseleit bicarbonate buffer (25) (pH 7.4) and 50 un of 
the labeled sodium lactate in 0.5 ml. The flasks which contained the unlabeled glu- 
cose consisted of 0.5 ml. of the labeled lactate solution, 50 um of the glucose solution 
in 0.5 ml., and 4.0 ml. of buffer solution. Gas phase, 95 per cent O2-5 per cent COs. 
Duplicate flasks were incubated, and each figure reported below is the average of two 
separate determinations. 


Substrate Per cent incorporation 
Rat No. |Days post | — Activity administered a 
Labeled CO: Lipide 
c.p.m. 
3 (356)* 10 Lactate-2-C'4 4.2 X 105 17.8 6.9 
Lactate-2-C™ + 4.2 X 10% 3.3 42.0 
Lactate-3-C'™ 0 4.4 X 10! 11.7 6.2 
Lactate-3-C"™ + 4.4 X 104 2.2 42.1 
4 (330) 10 Lactate-2-C'4 0 4.2 10% 17.6 6.7 
Lactate-2-C4 + 4.2 3.1 43.2 
Lactate-3-C' 0 4.4 X 10% 14.6 6.7 
Lactate-3-C"™ + 4.4 X 10% 2.3 41.7 
5 (380) 10 Lactate-1-C"™ 0 8.5 X 104 27.6 0 
Lactate-1-C'4 + 8.5 X 104 40.1 0 
Lactate-2-C! 0 5.1 104 13.4 3.1 
Lactate-2-C' + 5.1 10+ 4.5 
Lactate-3-C!4 0 1.1 X 105 8.2 4.8 
Lactate-3-C'4 + 1.1 X 105 1.7 41.0 
6 (270) 10 Lactate-1-C' 0 8.5 X 10% 17.4 0 
Lactate-1-C"™ + 8.5 X 104 46.7 0 
Lactate-2-C"™ 0 5.1 104 10.9 a7 
Lactate-2-C' -+- 5.1 X 10+ 4.1 
Lactate-3-C'4 0 1.1 X 105 4.8 3.5 
Lactate-3-C' + 1.1 105 1.2 37.0 
7 (344) 16 Lactate-1-C' 0 6.6 X 104 20.3 0 
Lactate-1-C' + 6.6 X 104 41.5 0 
Lactate-2-C'™ 0 1.4 X 105 11.1 3.8 
Lactate-2-C"4 + 1.4 X 105 2.1 44.5 
Lactate-3-C' 0 2.9 X 105 6.8 4.6 
Lactate-3-C'4 + 2.9 10° 1.1 48.7 
8 (424) 15 Lactate-1-C'™ 0 6.6 104 20.1 0 
Lactate-1-C"™ + 6.6 X 104 41.2 0 
Lactate-2-C'4 0 1.4 X* 105 10.1 4.0 
Lactate-2-C'4 + 1.4 X 105 2.4 36.9 
Lactate-3-C'4 0 2.9 X 105 5.8 4.6 
Lactate-3-C!4 + 2.9 * 105 | 1.0 37.5 


* Weight in gm. 
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dium, the fate of the 2-carbon fragment derived from the decarboxylation 
of the C'-lactate was shifted from oxidation to synthesis, whereas the 
CO, yields from the lactate-1-C™ were increased. This resulted in a 
pronounced rise in the value for R. The average R value calculated in the 
experiments carried out in the presence of non-isotopic glucose was about 
12. Although such a large change in the value for R does not significantly 
alter the estimation of glycolysis when Equation 1 is employed (thus, when 
R = 2.2, FE = 0.81; when R = 12, E = 0.76), it does affect this estimation 
when Equation 2 is used (thus, when R = 2.2, FE = 0.60; when R = 12, 
KE = 0.89). These values are the averages for Rats 1 and 2. This ap- 
parent sensitivity of R to glucose metabolism in mammary slices makes it 
difficult to assign a particular value for glycolysis in this tissue as judged 
by Equation 2. 

In the derivation of these equations, the assumption that only the Ist 
carbon of glucose contributes to the CO: via the shunt pathway appears 
to be untenable with regard to mammary gland. The finding that about 
twice as much fatty acid-C'™ was recovered from experiments with glu- 
cose-6-C™ as from those with glucose-1-C'™ (Table I) indicates that the 
residual carbon fragment resulting from the oxidative shunt must be 
further metabolized. Evidence for a 5-carbon fragment breakdown was 
indicated by the fact that more lipide-C™ was derived from glucose-2-C' 
than from glucose-1-C'. These findings invalidate the use of these equa- 
tions as a measure of the pathways of glucose metabolism in mammary 
slices. 

We can, however, obtain a measure of the relative extent of the two 
pathways operating in mammary gland if it is assumed that the conversion 
of the C™ of glucose-1-C" to fatty acids occurs solely via glycolysis. This 
assumption is, of course, reasonable since, in the direct oxidative path, all 
of carbon 1 of catabolized glucose is converted to CO». In the experiment 
with Rat 1, the results of which appear in Table I, the fatty acid-C™ re- 
covered from glucose-1-C' amounted to about 11 per cent. Since, pre- 
sumably, this was derived via glycolysis, an equal amount of carbon 6 
should also have been converted to fatty acids via this pathway. In the 
experiment with the same rat, the fatty acid-C™ recovered from glucose- 
6-C'4 was about 26 per cent. Thus, 26 — 11 per cent, or 15 per cent, of 
the fatty acid-C' recovered from glucose-6-C"™ must have arisen by a non- 
glycolytic pathway. Hence, from this experiment, we may conclude that 
approximately 60 per cent of the glucose molecules utilized proceeded via 
the alternative oxidative pathway. 

Recent studies with enzyme preparations obtained from plants (18), 
yeast (19, 20), E’scherichia coli (2, 4), and liver (18, 21) bear on the mech- 
anism of this hexose monophosphate shunt. According to current con- 
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cepts, the hexose phosphate formed from glucose is oxidized to a pentose 
phosphate, with the liberation of COz from the Ist carbon of the hexose. 
Horecker (22) has reported that the pentose phosphate, through the action 
of transketolase, gives rise to a triose phosphate and an active glycolalde- 
hyde-enzyme complex. This triose phosphate may then enter the pool of 
glycolytic intermediates. If the above mechanism holds for mammary 
tissue, then our finding (Table ITI) that the 6th carbon of glucose is incor- 
porated into fats to a greater extent than is the 2nd carbon indicates that 
the triose derived via a shunt pathway is more readily incorporated into 
fats than is the active glycolaldehyde moiety. It is also shown here that 
carbon 2 of glucose is converted into fats to a greater extent than is carbon 
1, a finding which not only supports the shunt theory,? but also indicates 
a contribution of the glycolaldehyde complex to fat synthesis (Table II). 

While the addition of inactive lactate to glucose-1-C™ and glucose-2-C™ 
did not significantly lower the COs. yields, added lactate did lower the 
CO» yields from glucose-3 ,4-C™, glucose-6-C™, and glucose-E-C"™ (Table 
II). This result suggests that the 3-carbon fragment derived from the 
4th, 5th, and 6th carbons of glucose via the shunt may equilibrate with 
lactate, whereas the Ist, 2nd, and possibly the 3rd carbons do not. 

Evidence supporting the operation of the tricarboxylic acid cycle in 
mammary gland was obtained by the use of the variously labeled lactates. 
The CO, recoveries from lactate-1-C™, -2-C™, and -3-C™ (Table III) 
show that the carboxyl carbon is more readily oxidized than is either the 
a- or B-carbon. Furthermore, C'QOz, yields from the a-carbon were con- 
sistently higher than those from the 6-carbon. These findings with rat 
mammary slices parallel those found with rat liver slices by Felts et al. (23). 

The finding that no lipide-C™ was recovered in the experiments with 
lactate-1-C™ demonstrates that the triglyceride glycerol cannot be formed 
from lactate by slices of rat mammary gland. In a similar experiment 
with mammary tissue, Balmain et al. (24) have shown that acetate is not 
a precursor of glycerol. 


SUMMARY 


1. Mammary gland slices from lactating rats were incubated with (1) 
the following labeled hexoses, glucose-1-C™, -2-C™, -3,4-C', -6-C", and 
-E-C", and (2) the three individually labeled C'*-lactates. The conversion 
of these carbons to COs, and lipide-C™ was studied in an attempt to ob- 
tain information concerning the path of glucose oxidation in this tissue. 


2 Table III shows that the lipide-C"™ values from the B- and a-carbons of lactate 
are identical; thus the triose produced from glucose-1-C"™ glycolytically should be 
incorporated into lipides to the same extent as is that produced from glucose-2-C™ 
via the same pathway. 
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2. The COs recoveries observed in the experiment with glucose-1-C™ 
were more than 10 times those obtained with glucose-6-C'™. The lipide-C' I 
recoveries with glucose-6-C™ were more than twice those with glucose-1-C". 
From this latter finding, it was calculated that at least 60 per cent of the 
glucose molecules utilized by rat mammary tissue occurred via a direct 
oxidative pathway. 

3. The addition of glucose to the C'-labeled lactates produced the fol- 
lowing results: CO, from the carboxyl carbon was increased, CO. from 
both the a- and 8-carbons was decreased, and the lipide-C' values from 
the a- and 8-carbons increased greatly. c 

4. The relative incorporation of the variously labeled glucose and lactate 


Ss 
carbons is discussed in the light of current concepts of the glycolytic path- e 
way, direct oxidative pathway of glucose, and the tricarboxylic acid cycle. k 
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INHIBITION OF 5-HYDROXYTRYPTOPHAN DECARBOXYLASE 


By J. M. BEILER ano GUSTAV J. MARTIN 


(From the Research Laboratories, The National Drug Company, Philadelphia, | 
Pennsylvania) 


(Received for publication, April 12, 1954) 


In 1948 Rapport and coworkers (1, 2) isolated and crystallized a vaso- 
constrictor from clotted blood. Rapport (3) postulated that this sub- 
stance, which he called serotonin, was chemically 5-hydroxy-3-8-amino- 
ethylindole (5-hydroxytryptamine). Speeter et al. (4) and Hamlin and 
Fischer (5) synthesized this compound and found that it was identical with 
the substance isolated by Rapport. 

It has been suggested (6, 7) that serotonin plays a roéle in the etiology 
of certain types of hypertension. Udenfriend et al. (8) reported that 
serotonin was formed in the body from 5-hydroxytryptophan by an en- 
zyme specific for this substrate, which they called 5-hydroxytryptophan 
decarboxylase. The investigation of this enzyme was undertaken as part 
of the general study on hypertension in this laboratory, on the premise 
that inhibition of its action, and hence of the formation of the pressor 
substance 5-hydroxytryptamine, might be of therapeutic value. 


EXPERIMENTAL 


Enzyme activity was determined by a modification of the method of 
Udenfriend, Clark, and Titus (8). Guinea pig kidney, either fresh or 
acetone-dried, was extracted with 0.2 m phosphate buffer, pH 6.7. 3 parts 
of buffer were used to 1 of kidney (wet weight). The extract was centri- 
fuged. To 2 ml. of the supernatant fluid was added 0.5 ml. of buffer con- 
taining 5-hydroxytryptophan, so that the final substrate concentration was 
5 X 10-* m. Also added with this 0.5 ml. portion were the compounds 
whose inhibitory action was being tested. The reaction mixture was incu- 
bated at 37° under toluene for 2 hours. The formation of 5-hydroxytrypt- 
amine was determined by measuring the response of the isolated guinea 
pig intestine in Tyrode’s solution to aliquots of the reaction mixture. 
Heights of contraction were compared with those obtained with standard 
concentrations of 5-hydroxytryptamine. Controls were run to insure that, 
when inhibitory action was obtained, it was due to effects on enzyme 
activity and not to inhibition of the response of the tissue to 5-hydroxy- 
tryptamine. In no case was this a significant factor. 
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RESULTS AND DISCUSSION 


Preliminary experiments showed that identical results were obtained 
whether fresh or acetone-dried tissue was used as a source of the enzyme. 
As a matter of convenience, then, fresh guinea pig kidney was used rou- 
tinely. Although there was of course some variation among different 
preparations, 5-hydroxytryptamine was formed in an average concentration 
of m 


TABLE I 
Inhibition of 5-Hydrozytryptophan Decarborylase by Chelating Agents 


Per cent inhibition 


Agents | 


10-2 M 1073 | 10-8 
Diphenylthiocarbazone.............. | 85 35 20 | 0 
Tetraethylthiuram disulfide.......... | 80 0 
3,5-Dimethylpyrazole................ | 25 | 0 | | 
Mercaptobenzothiazole. . | | 
Mercaptosuccinic acid. 0 | | | 
Sodium diethy dithiocarbamate | 0 | | | 
TaBLe II 


Inhibition of 6-Hydrox ytryptophan Decarboxylase bi Carbon yt Reagents 


Per cent inhibition 


10°? M X10 10-8 | 10-5 
Potassium cyanide.................. 100 | 35 0 | 
Sodium nitroferricyanide............ _ | 
Hydroxylamine hydrochloride... ..... | 
Semicarbazide hydrochloride.......... 100 100 | 75 0 


A great many aia of different types were tested in the system. 
Of these, two groups, carbonyl reagents and metal-chelating compounds, 
had marked inhibitory activity. The results obtained with these com- 
pounds are presented in Tables I and IT. 

Although negative results were obtained with some of the chelating 
agents tested, this may be due to relative specificity for metallic ions. 
The inhibitory effect is apparently due entirely to the specific chelating 
properties of the different agents. The inhibitory effect of Versene, for 
example, could be completely reversed by the addition of Zn*+*+, Mnt*, or 
Mg?*+ in 10-2 m concentration. Ferric ion at the same level was without 
effect. The conclusion can thus be drawn that the enzyme activity de- 
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pends on the presence of a metallic ion and that the inhibition obtained 
with chelating agents is due to the removal of this metal from the enzyme 
complex by these agents. The fact that certain ions were found to prevent 
the inhibitory action does not necessarily provide a clue to the identity of 
the ion involved in enzymic functioning. A secondary effect might be 
involved, obtained by saturating the valences of the chelating agent with 
the added ion and thus preventing its combination with the metal of the 
enzyme. 

The inhibitory effect of the carbonyl reagents tested suggested the pres- 
ence of a prosthetic group. Since pyridoxal phosphate is known to function 
as a coenzyme for several amino acid decarboxylases, it was thought that 
it might have a role in the action of 5-hydroxytryptophan decarboxylase. 
Attempts to demonstrate this resulted in negative findings. Dialysis of 
extracts made from both fresh and acetone-dried tissue through cellophane 
against 0.2 Mm phosphate buffer, pH 6.7, at 10° produced no loss in activity. 
Some of the preparations tested were dialyzed for periods as long as 10 
days. It would thus appear that both the metal involved in enzyme ac- 
tivity and the hypothetical cofactor are quite firmly bound. 

The system was not inhibited by desoxypyridoxine phosphate, which 
had been shown to function as an inhibitor against tyrosine decarboxylase, 
an enzyme known to require pyridoxal phosphate as a cofactor (9). Pyri- 
doxal phosphate did exert a stimulatory action in some preparations whose 
activity was below normal. It may be that these preparations were not 
saturated with the cofactor, but the evidence can hardly be considered to 
be more than indicative. 


SUMMARY 


5-Hydroxytryptophan decarboxylase is inhibited by chelating agents 
and by carbonyl! reagents. The action of the former is believed to indicate 
that a metallic ion is necessary for enzyme activity. The action of the 
latter indicates the presence of a prosthetic group. 
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THE PROTEINS OF BOVINE SEMINAL PLASMA 


II. ULTRACENTRIFUGAL AND IMMUNOLOGICAL STUDIES AND 
COMPARISON WITH BLOOD AND MILK SERUM 


By BRUCE L. LARSON, RALPH 8S. GRAY, ano G. W. SALISBURY 


(From the nen of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 


(Received for publication, April 19, 1954) 


Experiments have been reported in Paper I (1) in which the proteins of 
bovine seminal plasma were subjected to preliminary and electrophoretic 
characterization. In order to characterize this protein system further, 
ultracentrifugal and immunological methods have been applied. 

A limited amount of work has been reported on the ultracentrifugation 
of the seminal plasma proteins. Ross (2) has noted a glycoprotein com- 
ponent in human seminal plasma with a sedimentation velocity of 7 (so, w 
units), while the proteins of low molecular weight that were present were 
not observed to sediment under similar conditions. 

The proteins of seminal plasma have not been well characterized by 
immunological reactions, although spermatozoa of different species have 
been studied by this means (3). Ross (2) has summarized some of the 
earlier investigations on the human seminal plasma proteins and confirmed 
with precipitin tests that antisera to blood serum may react more strongly 
with seminal plasma than does antiserum to the seminal plasma itself. 
Antisera to seminal plasma also reacted less strongly with blood serum 
than the antisera to the blood serum did with the seminal plasma. 

Several investigators (2, 4-6) have reported a close relationship of the 
proteins of human seminal plasma to those of blood serum. In comparing 
the proteins of bovine seminal plasma with those of blood serum (1), it 
was found that electrophoretically the majority of these proteins resembled 
the a-globulins. Chemical evidence indicated, however, that they prob- 
ably were not similar. Subsequently it was noted that there was a striking 
electrophoretic and ultracentrifugal similarity of the proteins of milk serum 
(non-casein milk proteins) to the proteins of seminal plasma. Conse- 
quently, the proteins of bovine seminal plasma have been further character- 
ized and compared with the proteins of blood and milk serum to determine 
possible relationships. 


EXPERIMENTAL 


Seminal plasma was prepared by removal of the sperm cells from fresh 
semen by centrifugation, and blood serum was prepared by removing the 
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clear serum from clotted blood as described previously (1). The milk 
serum proteins were prepared by removing the casein from fresh skim 
milk clotted with a minimal amount of rennin at 37°, and were concentrated 
by removing part of the water by freezing and exhaustively dialyzing the 
concentrated serum against 0.08 m phosphate buffer of pH 6.9. 

Electrophoretic analyses were conducted as described previously (1). 
Ultracentrifugal analyses were conducted in a Spinco ultracentrifuge, model] 
kK, by the double cell technique. All solutions were equilibrated for the 
electrophoretic and ultracentrifugal analyses by dialysis against several 
changes of 0.12 Mm Veronal buffer of pH 8.6 at 4°. 

For the immunological analyses, blood serum was obtained by pooling 
equal amounts of serum from two cows and two bulls. Seminal plasma 
was prepared from semen pooled from several bulls of various ages. The 
bovine milk serum proteins were prepared from fresh, mixed herd, skim 
milk. Penicillin G and dihydrostreptomycin were added to each of the 
antigen solutions to give a concentration of 500 units and 100 microgram 
equivalents of streptomycin per ml., respectively. The solutions were 
dispensed into a number of small tubes and stored at —18° until used as 
the antigens for the injections and the precipitin tests. 

Antisera to the seminal plasma, blood serum, and the milk serum pro- 
teins were prepared by injecting each respective antigen solution into 
several rabbits intravenously and intraabdominally until suitable titers had 
built up. The antisera obtained from the rabbits were pooled for each 
group, stored in a number of small tubes at —18°, and then diluted with 
an equal volume of saline (0.9 per cent NaCl) for use in the precipitin tests. 

Precipitin tests were carried out according to the procedure of Boyd (7) 
in small tubes containing about 0.04 ml. each of antisera and antigen solu- 
tion. The antigens were diluted with saline to a protein concentration of 
about 1.2 per cent, and serial dilutions of 10 were made of these solutions. 
After layering the antigen over the antisera, the tubes were incubated for 
2 hours at 37° before being read. 

Other proteins used in this study were obtained from the following 
sources. The bovine blood serum proteins, Fraction II (y-globulins), 
Fraction III-1 (chiefly 8-globulins), Fraction IV (chiefly a-globulins), and 
crystalline serum albumin were generously supplied by Armour and Com- 
pany. The milk proteins, colostrum euglobulin and pseudoglobulin and 
crystalline 6-lactoglobulin, were prepared as previously described (8). 
Twice crystallized a-lactalbumin (9) was kindly furnished by Dr. W. G. 
Gordon of the Eastern Regional Research Laboratory, United States De- 
partment of Agriculture. These proteins were reconstituted to a 1 per 
cent concentration in phosphate buffer, pH 6.9, and ionic strength of 0.1, 
and serial dilutions of 10 with saline were used in the precipitin tests. 
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Results 


Electrophoretic Comparison—Electrophoretic patterns of bovine seminal 
plasma, blood serum, and milk serum are illustrated in Fig. 1. These 
were the same preparations which were used as the antigens for the im- 
munological analyses. Fig. 1 has been constructed so that the mobilities 
of the various components in all three systems are directly proportional 
to their distance from the same adjusted starting position. The mobilities 


A.SEMINAL PLASMA a 8 
é | 


B.MILK SERUM 


Y ALB. 


C.BLOOD SERUM ALB. 


Fic. 1. Electrophoretic comparison of the proteins of bovine seminal plasma with 
those of bovine blood and milk serum. All analyses were conducted at 1.2° in Veronal 
buffer of pH 8.6 and ionic strength of 0.1 for 5620 seconds with a field strength of 7.8 
volts per sq.cm. The protein concentrations were 1.8, 1.2, and 2.2 per cent, respec- 
tively. 


of the various components of seminal plasma and the blood serum proteins 
have been previously reported under similar conditions (1). It is to be 
noted that a-lactalbumin (u = —3.8) and 8-lactoglobulin (u = —5.1), 
which compose about 20 and 50 per cent, respectively, of the normal milk 
serum proteins, possessed mobilities similar to those of the a-globulins of 
blood serum amd major Components 5 and 8 of the seminal plasma.' 
Previous work has shown that a-lactalbumin and 6-lactoglobulin are ap- 
parently not identical with any of the blood serum proteins, whereas 
albumin and the immune globulins (noted as y in Fig. 1) are similar to those 


Hlectrophoretiec mobilities expressed in em.? volt! 
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of blood (10-13). Addition of crystalline a-lactalbumin ahd 6-lactoglob- 
ulin to seminal plasma revealed that 8-lactoglobulin (ua = —5.4) had 
greater mobility than Component 8 (u = —5.2) of the seminal plasma and 
could be identified as a distinct electrophoretic entity. a-Lactalbumin, 


Fig. 2. Ultracentrifugal comparison of — proteins of bovine seminal plasma from 
bulls of various ages with the normal bovine blood and milk serum proteins. All 
analyses were conducted at 24° in Veronal buffer of pH 8.6 and ionic strength of 0.1. 
Protein concentrations were 1.8, 1.7, 1.8, 1.7, and 1.2 per cent, respectively. The 
pictures were taken at the indicated times after the rotor had attained the operating 
speed of 59,780 r.p.m. (See the text and Table I.) 


ER 


however, could not be distinguished from Component 5 of the seminal 
plasma by this means (u = —3.9). 

Ultracentrifugal Analysis—-A sample of normal blood serum (40 month- 
old cow), normal milk serum prepared from mixed herd milk, and samples 
of seminal plasma collected from several young bulls (14 to 15 months), 
an older bull (120 months), and pooled from several bulls of various ages, 
were chosen for this purpose. The results (Fig. 2 and Table I) revealed 
that seminal plasma contains at least five ultracentrifugal components. 
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Three components possessing $29, values of about 3, 5, and 7 accounted 
for over 95 per cent of the protein material. 

The ultracentrifugal analyses show that, on a quantitative basis, pat- 
terns of the seminal plasma proteins do not resemble those of blood. 
Though the identity of all the ultracentrifugal components of blood serum 
is not known with certainty, Component D; represents serum albumin 
and some of the globulins, and Components D, and D, the remainder of 
the globulins, those of Component D, having high molecular weights (14). 
Components 3 and 4 of the seminal plasma possessed sedimentation ve- 


TaBLe I 
Ultracentrifugal Analysis of Bovine Seminal Plasma and Blood Serum Proteins 


| Per cent component* Sedimentation velocityt 
Protein system | | 
| | A B Cc | D | E a a From literature 
Seminal plasma I} | | 11.1 
| 2t 1 3 9.5 
| 3 40] | 6.6 
4 | 24 | 23 | 21 | 5.0 
5 | 33 | 31 | 34 | 2.7 
Blood serum 1 | | 8 16.4 | 16-20 (14) 
| 2 | 23 | 7.2 7 (14) 
| 3 | 69 | 4.2 4 (14) 
Milk serum | 19.9 20 (15) 
2 8 6.8 6-7 .4 (12, 16) 
3 | | | 2.7-3.2 (12, 16) 
| | 1.8-2 (12, 16) 


*See Fig. 2 for identification of solutions and components. 
Sedimentation velocities (s29,,) in 1 em. sec.~! unit field”. 
t kstimated. 


locities similar to those of Components Dz and D,; of the blood serum, 
whereas Components 1, 2, and 5 appeared to be absent from blood. Thus, 
there is a strong possibility that at least 30 to 40 per cent of the bovine 
seminal plasma proteins (principally Component 5) are unlike anything 
present in blood. 

On a quantitative basis, the ultracentrifugal patterns of seminal plasma 
more closely resemble those of milk serum than those of blood serum. 
Component E, of the milk serum proteins has been identified as a-lactal- 
bumin, Component E; as 6-lactoglobulin, and Component E2 as immune 
globulins (named, respectively, the a, 8, and y components by Pedersen 
(16)). Smith (15) has noted the fast immune globulin component, EF}. 
Serum albumin, identical with that in blood (10), was apparently not 
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present in sufficient concentration to be seen in the ultracentrifugal pat- 
terns or formed complexes with the other proteins. Components 3 and 5 
of the seminal plasma possessed sedimentation velocities similar to those 
of Components E, and Es of the milk serum, whereas Components 1, 2, 
and 4 appeared to be absent in the milk serum. Only 20 to 25 per cent 
of the bovine seminal plasma proteins (principally Component 4) are, on 
an ultracentrifugal basis, unlike anything present in the milk serum. 

It is to be noted that, because of similar protein concentrations and vis- 
cosities, the ultracentrifugal pictures of the seminal plasma proteins and 
the blood serum proteins are almost directly comparable. Viscosity anal- 
yses of the solutions which were subjected to ultracentrifugation indicated 
that the Veronal buffer alone possessed a relative viscosity at 24° of 1.06 
and the 1.7 per cent blood serum proteins in the Veronal buffer of 1.19. 
The 1.8 per cent solution of seminal plasma protein possessed a relative 
viscosity of 1.22 under similar conditions. The viscous nature of bovine 
seminal plasma is apparently due to the high protein concentration and 
the dialyzable constituents, such as fructose present. Dilution and di- 
alysis yield solutions which are comparable in viscosity to other protein 
systems of similar concentration. 

Immunological Analysis--The results of the precipitin tests, data for 
which are shown in Table II, indicate that the seminal plasma proteins 
elicited a marked antibody response in the injected rabbits. Although 
some cross-reaction existed between the respective antisera to the seminal 
plasma and the blood and milk serum, it was in each case considerably 
less than the response of the antiserum towards its injected antigen system. 

The various preparations of immune globulins used (blood Fraction 
[[-y-globulins, blood Fraction III-1-8-globulins, colostrum euglobulin and 
pseudoglobulin) reacted strongly with the antisera to the bovine blood 
serum and the milk serum proteins in the precipitin tests. This is under- 
standable, since these proteins were isolated from blood and colostrum, 
and considerable evidence has shown (10, 11, 15) that immune globulins 
are present not only in the colostrum, but also in the normal milk, passing 
there from the blood. Little reaction of these proteins with the antisera 
to the bovine seminal plasma proteins was found. The data in Table Il 
also show there was little reaction between the seminal plasma proteins 
and the antisera to the milk serum proteins. The large reaction of the 
antiserum to the milk serum proteins with the various immune globulin 
preparations and the small reaction with the milk proteins, a-lactalbumin, 
B-lactoglobulin, and serum albumin, indicated that the precipitins in the 
immune sera from the rabbits injected with milk serum were essentially 
against the immune globulins. Thus, if immune globulins were present 
in the seminal plasma, a reaction of these components with the antisera 
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to the milk serum proteins would be expected. Such was not the case, 
the small reaction observed indicating that only a slight amount of the 
immune globulins could be present in the seminal plasma. This was fur- 
ther tested by immunizing several rabbits against a mixture of the immune 
globulins isolated from blood and colostrum. The antisera obtained dem- 
onstrated a large reaction with the blood serum, but only a slight reaction 
with the seminal plasma; the amount of reaction suggests that the concen- 
tration of immune globulins in the seminal plasma was less than | per cent 
of the total protein. 

The results indicate that the crystalline milk proteins, a-lactalbumin, 
8-lactoglobulin, and serum albumin, reacted little with the antisera to the. 
seminal plasma proteins. Since the antibody response to these milk pro- 
teins was small even in the rabbits injected with milk serum, owing to 
their low antigenicity or concentration, the absence of a pronounced reac- 
tion with the antisera to the seminal plasma suggests only that they were 
not present in great concentration. 

None of the purified proteins tested accounted for the high antigenicity 
of the seminal plasma proteins. Attempts to dissolve preparations of the 
blood a-globulins prepared by solvent and low temperature fractionation 
were not successful, a characteristic of lipoproteins (14, 17). Thus, direct 
evidence for the immunological relationship of the seminal plasma proteins 
to the blood a-globulins was not obtained. However, previous evidence 
(1) showing that the bovine seminal plasma proteins are physically stable 
and possess low lipide, nitrogen, and carbohydrate contents indicates that 
proteins identical with the labile blood a-globulins are not present or are 
in low concentration in the seminal plasma. 

The cross-reaction between the blood serum and the seminal plasma 
and their respective antisera shows that these systems immunologically 
have some material in common. ‘The reaction with the antiserum to the 
purified immune globulin preparation suggests that there is a small amount 
of immune globulins present in the seminal plasma. ‘Trace amounts of 
these immune globulins and possibly serum albumin could account for the 
reaction with the respective antisera to the blood and milk serum. The 
cross-reaction of the antisera to the seminal plasma with the blood and 
milk serum is probably due to other components which are either antige- 
netically weak, showing a non-specific cross-reaction, or more likely present 
in low concentration. The identification of such components must await 
the fractionation and characterization of the individual proteins of seminal 
plasma. 


DISCUSSION 


Although previous work is lacking on the characterization of the bovine 
seminal plasma proteins, various investigators have reported conflicting 
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similarities between the human blood serum proteins and the human sem- 
inal plasma proteins (2, 4-6). Apparently an analogy cannot be extended 
from this work on the human seminal plasma proteins to the bovine sem- 
inal plasma proteins. Wide differences among many of the constituents 
of seminal plasma from different species have been reported (18-21). 
Bovine seminal plasma is composed of proteins which are highly anti- 
genic. In fact, one rabbit receiving injections of the seminal plasma pro- 
teins died of anaphylactic shock, and two others usually went into partial 
shock after each injection. The rabbits receiving the blood serum and 
milk serum proteins maintained their weight and were healthy in all re- 
spects. Those receiving the seminal plasma generally lost weight for 


Taste Ill 
Relationship of Proteins of Seminal Plasma to Those of Blood and Milk Serum 


Evidence for presence in seminal plasma* 


Proteins Conclusion 
Chemical | | | 
Blood serum, y-globulins....._.. = + + 
‘* a-globulins. ... + 0 
Milk serum, immune globulins... + + 
0 + + 0 + 
B-lactoglobulin. . 0 + 0 


* +. possible presence (implies that the presence in seminal plasma of proteins 
with similar electrophoretic or ultracentrifugal properties does not eliminate the 
possibility of their being present; however, it does not prove their presence); 0, in- 
conclusive; —, absent (or present in low concentration). 


several days after the injections and were in a poorer state of health. At 
the site of the seminal plasma injection, an erythematous edema followed 
by severe necrosis resulted. In some cases, large sections of the ear were 
completely sloughed away after several days, and at the site of the intra- 
abdominal injections secondary infections occurred, with intestinal ad- 
hesions. The primary causative factor, which was heat-labile, non-di- 
alyzable, and still effective at a 1:50 dilution, is being investigated further. 

The results of this investigation, together with previous evidence (1) 
on the relationship of the proteins of seminal plasma to those of blood 
serum, have been summarized in Table III. It should be noted that the 
electrophoretic mobility and sedimentation velocity of Component 5 of 
the seminal plasma are similar to those of a-lactalbumin, which contains 
a high tryptophan content and is similar to the seminal plasma proteins 
in this respect (22). Certainly, with this possible exception, the evidence 
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suggests that the major protein components of bovine seminal plasma are 
definite chemical entities which are not similar to any of the major protein 
components of blood or milk serum. 


SUMMARY 


Ultracentrifugal analyses of the bovine seminal plasma proteins revealed 
at least five components with the majority of the proteins in three com- 
ponents having s.,,, values of about 3, 5, and 7. A great similarity was 
shown in the ultracentrifugal patterns of the seminal plasma proteins ob- 
tained from several bulls. 

Immunological analyses indicated that the bovine seminal plasma pro- 
teins are highly antigenic. Chemical, electrophoretic, ultracentrifugal, and 
immunological comparisons suggest that the major proteins of seminal 
plasma are distinct entities which are either absent from or are only minor 
constituents of blood and milk serum. : 


The authors are grateful to Dr. N. L. VanDemark of the Department 
of Dairy Science tor his helpful suggestions and aid in procuring the samples 
of semen and also wish to extend appreciation to Dr. B. R. Ray of the 
Department of Chemistry for conducting the ultracentrifugal analyses. 
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ISOLATION OF N-10-FORMYLFOLIC ACID 


By MILTON SILVERMAN, JOHN C. KERESZTESY, 
AND GEORGE J. KOVAL 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, May 1, 1954) 


In a preliminary report, it was indicated that a compound had been 
isolated from liver autolysates which (a) had little or no eztrovorum factor 
(CF) growth activity, (6) was as active as folic acid (FA) in the growth 
of Streptococcus faecalis R (SFR), and (c) was converted to FA by alkaline 
hydrolysis (1). It now appears that this compound is identical with \V- 
10-formyl! FA, first synthesized by Gordon, Ravel, Eakin, and Shive in 
1948 (2). The details of its isolation from horse liver are now reported. 
In addition, observations are included which demonstrate the enzymatic 
conversion by liver preparations of natural .V-10-formyl FA, FA, and CF 
to products which no longer support the growth of SFR or Leuconostoc 
cifrovorum. 


Methods 


Microbiological assay procedures for the determination of FA and CF 
activities with SFR and L. citrovorum were those previously employed (3). 


’ The calcium salt of natural eztrovorum factor (CaCF) was employed as a 


microbiological reference standard. Ascending partition paper chromatog- 
raphy with aqueous NasHPO, solutions or water-saturated normal bu- 
tanol-5 per cent acetic acid solutions were those described by Wieland 
et al. (4). 

A sample of synthetic \V-10-forniy] FA obtained from Dr. T. H. Jukes, 
Lederle Laboratories Division, American Cyanamid Company, was further 
purified by paper chromatography. A solution was prepared by adjusting 
the pH of a suspension in water (10 mg. of N-10-formyl FA per ml.) to 
7.0 with NH,OH. The insoluble residue was rejected and 1.5 ml. of the 
solution were spread in small contiguous droplets on a narrow band, 17.5 
inches long and 1.5 inches from the bottom of a sheet (17.5 & 18.5 inches) 
of Schleicher and Schuell paper No. 470A. The sample was applied in 
four portions and dried on the paper after each application with a stream of 
air at room temperature. A 2 inch strip of Schleicher and Schuell No. 
598 paper was stitched to the bottom of the heavy sheet (5). The paper 
was placed in a battery jar and about 3 inch of the No. 598 paper was 
immersed in water-saturated butanol containing 5 per cent acetic acid. 
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The solvent was permitted to ascend for a period of 24 hours, after which 
the sheet of paper was dried in a current of air at room temperature. 

Immersion in the same solvent and drying was repeated twice more. 
At this point the paper contained a yellow pigmented band at the origin, 
1 inch above this a blue fluorescent band 2 inches in width, and above 
this band, separated by 0.5 inch, another blue fluorescent band. The 
portion of paper containing the blue fluorescent band located immediately 
above the yellow pigment was cut out and extracted with 200 ml. of water; 
the solution was adjusted to pH 7.0 with NH,OH and concentrated to 
about 4.0 ml. The solution was chilled in an ice bath and 0.5 nN HCl was 
added to pH 4.0. The precipitate which formed was recovered by cen- 
trifugation and washed with two 0.2 ml. fractions of ice-cold water. The 
precipitate was then dried under a vacuum at room temperature and a 
light buff-colored powder weighing 4 mg. was obtained. When assayed 
for FA activity with SFR, with CaCF as a reference standard, 1 y of the 
product was equivalent in growth activity to 1.04 y of CaCF. 

In a concentration of 10 y per ml. in 30 per cent ethanol containing 0.03 
per cent NH,OH, the product possessed an ultraviolet absorption spec- 
trum typical of N-10-formyl FA. The specific absorbances at the two 
peaks, 259 and 320 muy, were 0.710 and 0.145, respectively. 

Fresh liver extracts employed in the inactivation experiments were pre- 
pared in the following manner: For 2 to 4 weeks after weaning, rats (Os- 
borne-Mendel strain) were fed the diet of Daft and Sebrell (6) from which 
the succinylsulfathiazole was removed. The rats were then decapitated, 
and their livers were removed and immersed in 3 volumes of 0.005 m_ ni- 
acinamide at 0°. The livers were minced with scissors and then homog- 
enized for 10 seconds in a chilled Waring blendor. The homogenate was 
then centrifuged for 5 minutes in a clinical model International centrifuge 
at about 1500 & g. The supernatant solution was clarified further by 
centrifugation for 15 minutes in a No. SS-1 Servall angle centrifuge at 
about 25,000 & g. The supernatant liquid, after suitable dilution with 
chilled water, was employed as the enzyme extract. The extracts with 
suitable additions were incubated in 20 ml. beakers at 37° with shaking in 
a Dubnoff apparatus. The atmosphere was air and the duraticn was 3 
hours. 


EXPERIMENTAL 


Chang (7) in this laboratory has shown that although, under suitable 
conditions, all of the folic acid activity in liver autolysates is finally liber- 
ated as CF, in the early stages of autolysis a compound possessing SFR 
activity is released at a more rapid rate than is CF. An attempt was made 
to isolate the factor responsible for this initial SFR activity. 
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22.5 kilos of frozen horse liver were thawed, ground, and suspended in 
120 liters of water containing 3 kilos of NagHPO,-7H.O. The mixture 
was incubated for 18 hours at 37°. The pH was then adjusted to 7.2 to 
7.5 with 10 per cent NaOH and the material was heated at 85° for 5 min- 
utes. It was cooled to 20—25°, diluted to 190 liters with water, adjusted 
to pH 5.0 with 50 per cent H.SO,, and filtered through a filter press with 
the aid of 710 gm. of Hyflo Super-Cel. The solids were resuspended in 
190 liters of water and refiltered. The filtrates were combined and the 
active material (240 mg. of SFR activity, 151 mg. of CF activity) was 
adsorbed on 681 gm. of Darco-KB by stirring for 30 minutes. The ad- 
sorbate was recovered in the filter press and washed with water and the 
activity was recovered by eluting the charcoal with 30 liters of a mixture 
composed of 30 parts of 95 per cent ethanol, 15 parts of water, and 2 parts 
of 28 per cent aqueous ammonia solution. The elution was accomplished 
by circulating the solvent through the filter cake for 1 hour. The eluate 
was then concentrated in vacuo to 750 ml. 

The concentrated eluate was chilled to 5° and adjusted to pH 4.0 with 
H.SO, and 2150 ml. of ethanol were added. The mixture was stirred for 
5 minutes and the solids that precipitated were removed by centrifugation. 
The precipitate was washed with 3:1 ethanol-water and the precipitate was 
again removed by centrifugation. The supernatant solution and wash of 
the precipitate were combined, adjusted to pH 7.0 with NH,OH, and con- 
centrated to remove the ethanol. 

The ethanol-free concentrate was diluted to 10 liters with water and the 
pH was adjusted to 4.0 with H.SO, and treated with 50 gm. of Darco-KB, 
which adsorbed the active materials. The adsorbate was recovered by 
filtration and washed with water and the active components were eluted 
with approximately 1 liter of 75 per cent ethanol containing 2.8 per cent 
ammonia. The eluate was concentrated in vacuo to 150 ml. and adjusted 
to pH 6.0 to 6.5 with H.SO, and 750 ml. of methanol were added. After 
72 hours at 5°, the precipitate which formed was recovered and washed 
with 5:1 methanol-water. The supernatant solution and wash of the 
precipitate were combined and concentrated to 150 ml. 

The concentrate was chilled to 0°, adjusted to pH 2.8, and extracted 
with 8 volumes of cold dry butanol. The active material was recovered 
from the butanol by extracting the butanol phase with 0.5 per cent aqueous 
ammonia solution. The ammoniacal extract was concentrated to 100 ml. 
and adjusted to pH 6.0 to 6.5 and the removal of methanol-insoluble im- 
purities was repeated. After removal of the methanol by distillation, the 
solution was chromatographed in a column containing 60 gm. of Dowex 
1 (chloride form) diluted with 60 gm. of Hyflo Super-Cel. 

The active fractions, eluted with 10 per cent aqueous NaCl (8), were 
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combined and diluted to about 30 liters. The salt was eliminated by ad- 
sorption of the activity on 3 gm. of Darco-KB. Elution was carried out 
with the ethanol-NH,OH solvent and the eluate was concentrated to ap- 
proximately 25 ml. 2 volumes of ethanol were added and the sample was 
adjusted to pH 4.0 and chromatographed on 25 gm. of AlO3. The column 
was washed with about 100 ml. of 66 per cent ethanol and the active frac- 


tions were eluted with 50 per cent ethanol containing 0.5 per cent ammonia. 


The active fractions from the AlkO; column, containing activity for 
SFR equivalent to 60 mg. of FA and 30 mg. of CF, were combined and 
concentrated to 5 ml. To 1 ml. of this solution, 1 ml. of methanol and 2 
drops of 20 per cent BaCl, were added. A precipitate formed immediately 
and the mixture was stored at 0° for 18 hours. The precipitate was re- 
covered by centrifugation, washed with a small volume of water at 0°, 
and dissolved in 2 ml. of warm water. After cooling to 0° and removing 
a small insoluble residue, the solution was acidified to pH 3.5 to 4.0 with 
0.5 N HCl and the precipitate which formed was collected by centrifugation, 
washed in several drops of chilled water, and dried in vacuo (Hyvae pump). 
The yield obtained was 3.04 mg. 

The product, when assayed, showed, per microgram, activity for SFR 
equivalent to 0.915 y of FA and activity for L. citrovorum equivalent to 
0.024 y of CF. That the CF activity was due to contamination with CF 
was confirmed by chromatography of the sample on paper in 5 per cent 
NaeHPO,. The ultraviolet absorption spectrum of the isolated material 
is indistinguishable from that of purified synthetic N-10-formyl FA (Table 
I). Both the synthetic compound and the isolated natural material are 
converted to FA on hydrolysis in 0.1 N KOH, after 48 hours at 23° (Table 
I). Approximately 1 mole of formic acid is liberated after hydrolysis as 
indicated by the Auerbach-Zeglin procedure (9). Both the natural and 
synthetic compounds migrate at the same rate on paper with NasHPO, 
and butanol-acetic acid solvents (Table II). Thus, the evidence available 
points to the identity of the natural product and synthetic N-10-formyl 
FA. 

If an aqueous extract of horse liver is incubated aerobically with Nao- 
HPOs,, an identical product can be isolated on paper. For example, 100 
gm. of thawed ground horse liver were extracted with 200 ml. of water 
containing 75 ml. of 20 per cent Na2HPO,4-12H2O for 15 minutes, with 
stirring by a stream of nitrogen. The bulk of the solids was removed by 
centrifugation for 15 minutes at 2000 r.p.m. in a No. 3 International cen- 
trifuge. The aqueous extract, after incubation at 37° for 24 hours in a 
4 liter Erlenmeyer flask, contained SFR activity equivalent to 770 y of FA 
and 30 y of CF. The extract was heated at 85° for 10 minutes, clarified 
by filtration, concentrated to about 30 ml., and stored at 0°. Na,HPO, 
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had crystallized and the supernatant solution was recovered by centri- 
fugation. The Nas,HPO, crystals were dissolved in a minimal amount of 
water and recrystallized at 0°. The mother liquor and supernatant solu- 
tion were combined and concentrated to a volume of 15 ml. This material 
was then chromatographed on paper as described under ‘‘Methods”’ for 


TABLE I 
Ultraviolet Absorption of N-10-Formyl FA and Isolated Compound 


Optics? | Optical 
Wave-length — density, Wave-length density, 
maxima minima 
Isolated compound, 10.9 y per ml. 258 0.855 320 0.097 
| | | 
N-10-Formyl FA, 8.1 y per ml. 258 | 0.699 | 320 | 0.053 
After 48 hrs. at 23° 
N-10-Formyl] FA | 257 | 0.530 271 | 0.480 
285 «0.511 0.150 
369 0.185 | 


Solvent, 0.1 N KOH. Values obtained with a Cary recording spectrophotometer- 


TABLeE IT 
Comparative Rp Values* of N-10-Formyl FA and Isolated Product 
| N-10-Formy] | Isolated 
| FA | productt 


5% acetie acid in H.O-saturated butanol (72 hrs.)....... | 0.90 | C .90 


* Bioautographs by the method of Winsten and Eigen (10). 
t A minor spot was found with an FP, of 0.80 in the NasHPO,, which corresponded 
to CF. 


the purification of N-10-formylfolic acid. The predominating blue fluores- 
cent band was chromatographed successively through five passages on 
Schleicher and Schuell No. 470-A paper with 5 per cent acetic acid in water- 
saturated butanol as the solvent phase. After the last chromatogram, 
the product in solution was free of CF and had the ultraviolet absorption 
spectrum of N-10-formyl FA and Ry values in NasHPO, and butanol- 
acetic acid corresponding to N-10-formyl FA. Hydrolysis in 0.1 N KOH 
for 48 hours at room temperature gave FA as a product. Approximately — 
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200 y of the compound could be obtained in this form from 100 gm. of 
liver. 

It was observed that the concentration of materials having growth ac- 
tivity for SFR, arising during the incubation of aqueous extracts of com- 
mercially frozen horse liver, was decreased in the presence of diphospho- 
pyridine nucleotide (DPN) or niacinamide (1). In the presence of sodium 
arsenite, however, there was an increase. Rat liver extracts, when incu- 
bated aerobically at pH 5.5, are capable of destroying the growth activity 


TABLE III 
_ Inactivation of Synthetic and Natural N -10- Form yl FP. A by feat Liver 
Substrate added | Substrate lost, y 
Synthetic N-10-formyl FA, 20.1 y.......... | 
Natural N-10-formyl FA, 22.67............. 36 | 54 | 06 | 2.0 


Extract from 475 mg. (female) of rat liver was used per veel. The total volume 
was 2.4 ml.; each vessel contained 0.2 ml. of 0.56 m phosphate buffer, pH 5.5; atmos- 
phere, air; duration, 3 hours. 


TaBLe IV 
Inactivation of FA by Rat Liver 
Initial FA added, 19.2 y. 


| | | 


Sodium arsenite, w............... | | | Lo. 004 0. 008 | 0.004 | 0.008 | 0.004 | 0.008 


Extract from 210 mg. (female) of rat liver was used per  wennel. For other details 
see Table III. 

of both natural and synthetic -10-formyl FA (Table III). The de- 
struction is enhanced in the presence of niacinamide and depressed by the 
addition of sodium arsenite to the reaction mixture. The endogenous 
liberation of substances having growth activity for SFR or L. citrovorum 
by such rat liver preparations is negligible under these conditions. 

FA is also inactivated by such rat liver preparations (Table IV). FA 
removal is also increased by the addition of niacinamide. However, the 
addition of sodium arsenite to such reaction mixtures, rather than inhib- 
iting, enhanced the removal of the growth factor. 

A direct comparison of the effects of DPN, niacinamide, and sodium 
arsenite on the inactivation of FA and N-10- foreny? IFA is shown in Table 
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V. Since FA was removed more rapidly than N-10-formyl FA only one- 
third as much enzyme extract was employed in the presence of the un- 
formylated compound. Again, DPN, niacinamide, and a mixture of the 
two are effective in stimulating the removal of the substrates. In the 
presence of DPN, sodium arsenite seemed to exert little influence. In 


TABLE V 


Influence of DPN, Niacinamide, and Sodium Arsenite on Inactivation of 


FA and N-10-Formyl FA 


| 
Substrate added Substrate inactivated, y 
e | | | | | 
1.0 | 10.0 10.5 1.6 14.9) 10.6 | 13.6 
N-10-Formy] FA, 18.3 y (synthetic)... 3.5 10.3 | 11.3 | 1.1 | 14.7 | 9.7 | 


Extract from 90 mg. (female) of rat liver was used per vessel for inactivation of 
FA. Extract from 270 mg. of rat liver was used for inactivation of N-10-formy] 
FA. For other details see Table IIT. 


| | | | 
By assay, CaCF added as substrate showed 15.8 y of CF activity and 16.7 y of 
SFR activity. Extract from 296 mg. (male) of rat liver was used per vessel. The 
total volume was 2.4 ml.; each vessel contained 0.2 ml. of 0.56 Mm phosphate buffer. 
pH 7.05; atmosphere, air; duration, 3 hours. 


TABLE VI 
Inactivation of CF by Rat Liver 
SFR | 6.0 | 3.4 | 2.5 2.4 


the presence of niacinamide, however, sodium arsenite increased the re- 
moval rate of FA and inhibited the removal of N-10-formy] FA. 

Similar liver preparations slowly inactivate natural CF (Table VI). The 
reaction apparently differs from those which destroy the growth activity 
of FA and N-10-formyl FA in that it is most effective at about pH 7.0 
and appears to be inhibited by niacinamide and sodium arsenite. 


DISCUSSION 


In the early stages of autolysis of horse liver, the SFR growth activity 
(in terms of FA equivalents) displayed by autolysates exceeds the CF 
content. After 24 hours, growth activities of the autolysates are equal 
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for SFR and L. citrovorum and all of the SFR activity can be accounted 
for in terms of the CF formed (7). It was postulated that the compound 
responsible for the excess SFR activity was the precursor of the CF finally 
formed (1). Our attempts were directed toward the isolation of this pre- 
cursor and the product finally isolated was N-10-formyl FA. However, 
the isolated material, when added to active autolysates of horse liver which 
in themselves liberate CF, did not give rise to any consistent or significant 
increases in CF. Under the same conditions, such preparations do not 
convert FA to CF. This lack of response is consistent with the report of 
Broquist et al. (11) that N-10-formyl FA is no more effective than FA in 
promoting CF synthesis by an aminopterin-resistant strain of SFR. This 
suggests the likelihood that N-10-formyl FA as isolated from liver repre- 
sents the stabilized form of a labile compound which in liver autolysates 
is normally converted to CF. The possibility exists that this ‘“‘labile’’ 
intermediate had been degraded to N-10-formyl FA during the isolation 
procedure. This view is consistent with the observation of Greenberg (12) 
that a formylation cofactor, prepared enzymatically and containing CF in 
the molecule, was degraded to N-10-formyl FA during isolation. Mention 
should be made of the observations of Rauen eft al. (13) that, under aerobic 
conditions, pig liver extracts convert FA into N-10-formyl FA. 

It is of some interest that FA, V-10-formyl FA, and CF undergo oxida- 
tive inactivation enzymatically. The data show differing requirements 
for pH or influences of sodium arsenite and niacinamide. These differences 
suggest that dissimilar mechanisms are involved in the inactivation of each 
of the three substrates. However, clarification of the pathways involved 
must await the purification of the enzyme systems concerned and demon- 
stration of the nature of the degradation products. In any case, the re- 
sults indicate that, in addition to a CF-degrading mechanism which in- 
volves glutamic acid (14), enzymes in liver are capable of inactivating 
other microbiologically active pterines. In this connection, attention 
should be called to the early observations of Welch et al. (15), which deal 
with the loss of SFR activity in liver preparations. More recently Nichol 
(16) has described the inactivation of CF by chick liver homogenates incu- 
bated aerobically and Dietrich et al. (17) have demonstrated a decrease in 
endogenously liberated CF after extended incubation of rat and chick liver 
autolysates. 


SUMMARY 
N-10-Formylfolic acid has been isolated from autolysates of commercially 
frozen horse liver. It has been demonstrated that N-10-formylfolic acid, 
folic acid, and citrovorum factor can be inactivated by incubation with 
fresh rat liver preparations. 
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STUDIES ON THE ACTION OF RAT LIVER ON 
2-ACETYLAMINOFLUOREN E* 


By HELMUT R. GUTMANN anv JOHN H. PETERS 


(From the Radioisotope Unit, Veterans Administration Hospital, Minneapolis, 
and the Department of Physiological Chemistry, University of Minnesota 
Medical School, Minneapolis, Minnesota) 


(Received for publication, April 5, 1954) 


Previous studies in vivo of the metabolism of the carcinogen 2-acetyl- 
aminofluorene (AAF) by the rat indicated that the compound is deacylated 
and hydroxylated (1, 2). The demonstration of deacetylation suggested 
the formation of 2-aminofluorene (AF) in the tissues of the rat and pro- 
vided some support for the contention that AF might account for the 
carcinogenic action of AAF (3). However, only 0.06 per cent of injected 
AAF-9-C" was isolated as AF-9-C™ from rat urine (4). This observation 
raised the question whether AF is the principal product of the deacetyla- 
tion of AAF. 

The present study was undertaken to obtain information on the conver- 
sion of AAF to AF within the tissues of the rat. The liver was selected 
because partial hepatectomy markedly affected the metabolism of the 
closely related AF (5). In addition, the excretion of substantial quantities 
of the radioactivity in the bile of rats which had been fed AAF-9-C"™ sug- 
gested that the liver plays an important réle in the metabolism of AAF 
(6). It has also been shown that, in the male rat, the liver is the principal 
site of tumors formed by feeding of AAF (7). 

Accordingly, AAF was incubated with liver slices and homogenates. It 
was found that both slices and homogenates deacetylated AAF to AF. 
Slices, but not homogenates, oxidized AAF to 2-hydroxy-7-acetylamino- 
fluorene (2-OH-7-AAF). These experiments proved that the liver accom- 
plishes both the deacetylation and hydroxylation of AAF. After incuba- 
tion of liver slices with C-labeled AAF, a small fraction of the radioactivity 
was irreversibly fixed to liver slices and to material precipitable from the 
supernatant liquid by trichloroacetic acid. The rapid interaction of AAF 
(or of a metabolite) with tissue proteins appears of interest in view of 
current concepts which relate chemical carcinogenesis and protein-binding 
of the carcinogen (8). 


* Supported by a grant from the American Cancer Society, on recommenda- 
tion of the Committee on Growth of the National Research Council. Taken, in part, 
from a thesis to be submitted by John H. Peters in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in the University of Minnesota. 
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EXPERIMENTAL 


Animals and Tissue Preparations—Male rats of the Sprague-Dawley 
strain! weighing between 150 and 250 gm. were used. They were fed the 
laboratory stock diet ad libitum. The animals were killed by neck stroke, 
the livers removed at once, and all tissue preparations carried out in a 
cold room at 5°. 1 gm. of slices, approximately 0.6 mm. thick, was ob- 
tained with a Stadie-Riggs slicer and added to 50 ml. filtering flasks which 
contained 12 ml. of incubation medium.? 1 gm. of liver was homogenized 
with | or 2 ml. of phosphate buffer in an all-glass apparatus and diluted 
to 10.0 ml. with the buffer. The homogenates were then delivered into 
50 ml. filtering flasks, and 1.9 ml. of the 4 per cent dextrose solution and 
0.1 ml. of 95 per cent ethanol were added. Usually four or five flasks were 
incubated simultaneously. One contained incubation medium and tissue 
only. Aliquots of this flask were used in the preparation of tissue blanks. 
To the remaining flasks were added the requisite amounts of C'*-labeled 
or unlabeled AAF in 0.1 ml. of 95 per cent ethanol. 2-Benzoylamino- 
fluorene (BAF) was added in 0.1 ml. of acetone. The flasks were shaken 
in a water bath at 37° for the times stated in Tables II and V. Oxygen, 
and in some cases nitrogen, was passed through the flasks during the 
experiments. 

Spectrophotometric Method—Spectrophotometric analyses of diazotizable 
amino groups were performed by a modification of the method previously 
employed for the determination of AF in rat tissues (5). Aliquots of 2 
ml. were withdrawn from the incubation flasks, and the protein was pre- 
cipitated by the addition of 1.0 ml. of 30 per cent trichloroacetic acid. 
After centrifugation, 1.0 ml. aliquots of the supernatant solution were 
added to 0.3 ml. of concentrated hydrochloric acid, 0.5 ml. of glacial acetic 
acid, and 1.0 ml. of water. The solutions were diazotized with 1.0 ml. of 
0.029 m sodium nitrite, cooled in an ice bath, and the coupling reaction 
was carried out by pouring the mixture into 3.0 ml. of 0.03 m R salt solu- 
tion in 10 mM ammonium hydroxide. After the addition of 1.0 ml. of 50 
per cent acetone, the optical density was read at 525 my in a Beckman 
model DU spectrophotometer. Reagent blanks, against which all samples 
were read, were prepared from 2.0 ml. aliquots of the incubation medium 
in exactly the same manner. The optical densities of the tissue blanks, 
which were very small, were subtracted from those of the experimental 
samples and the resulting optical densities converted to micrograms of AF 
by reference to a calibration curve (Fig. 1). The lower limit of detection 


' Obtained from the Holtzman Rat Company, Madison, Wisconsin. 

? The incubation medium consisted of 10.0 ml. of Ringer-phosphate buffer, pH 7.4 
(9), 1.9 ml. of a 4 per cent chemically pure dextrose solution, and 0.1 ml. of 95 per 
cent ethanol. 
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AF added to the medium was recovered in theoretical 
Recoveries of AF from incubation mixtures containing liver slices 


was 1 y of AF. 
vield. 


OPTICAL DENSI 
=) 


v 3 6 9 12 15 18 
MICROGRAMS OF 2-AMINOFLUORENE 
hic. 1. Calibration curve of 2-aminofluorene for the spectrophotometric estimation 
of diazotizable amino groups in incubation mixtures. Duplicate samples of AF in 
0.5 ml. of glacial acetic acid were added to 0.3 ml. of concentrated hydrochloric acid, 
0.7 ml. of the incubation medium, 0.3 ml. of 30 per cent trichloroacetic acid, and 1.0 
ml. of distilled water. The mixtures were diazotized, coupled, and the color density 
was determined as described in the text. 


TaAaBLe 


Recovery of 2-Aminofluorene from Incubation Mirtures Containing Slices or 
Homogenates by Spectrophotometric Assay* 


Concentration of 2-aminofluorene 


Present Found 

> per mil. > per ml. per cent 


* The recoveries represent the averages of duplicate determinations. The incu- 
bation mixtures were prepared and analyzed spectrophotometrically as described 
in the text. 


or homogenates are shown in Table I. With liver slices, 90 to 102 per 
cent of the added compound was recovered. In the case of homogenates, 
the recovery was consistently 36 to 39 per cent. No additional AF could 
be recovered by repeatedly extracting the precipitated proteins of the 
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samples with acetone. Since AF added to homogenates can be recovered 
to the extent of 80 to 100 per cent when the proteins are precipitated with 
acetone (5), the low recoveries observed here are presumably due to the 
method of precipitation of native protein with trichloroacetic acid. The 
estimation of AF in acetone-treated homogenates is, however, often com- 
plicated by turbidities arising from dissolved fat which make the final 
solutions unsuitable for colorimetric measurements. 

Preparation of Unlabeled Compounds—A¥ (10), AAF (11), BAF (5), 
2-hydroxy-7-aminofluorene (2-OH-7-AF) (12), and 2-OH-7-AAF (13) were 
synthesized by methods already published. 

Radioactive Experiments -AAF-9-C™, m.p. 197-198°,° was prepared as 
previously described (4). The purity of the labeled compound was tested 
by the following methods. The compound was found, by paper electro- 
phoresis, not to be contaminated with AF-9-C™. On paper chromato- 
grams, developed with butanol saturated with 3 mM ammonium hydroxide 
and scanned with a windowless gas flow counter, a single peak (Ry = 0.90) 
was obtained (14). The radioactivity of compounds, extracts, and tissues 
was measured in duplicate by the wet combustion technique (15). 

The distribution of the radioactivity of AAF-9-C™, which had been 
added to incubation mixtures containing liver slices, was determined as 
follows (Table II). The supernatant liquid (Fraction 1) was decanted, 
and the slices were homogenized with 2 ml. of distilled water. The homog- 
enate was poured into 10 ml. of acetone and centrifuged. The resulting 
precipitate was washed three times with 10 ml. of acetone, and the wash- 
ings were combined with the aqueous acetone (Fraction 2). The precipi- 
tate was dried to constant weight at 105° (Fraction 3). The radioactivity 
of Fraction | was partitioned by successive extractions with 25 ml. portions 
of diethyl ether at pH 10 (Fraction 1A). Extractions were continued 
until less than 1 per cent of the initial radioactivity could be detected in 
the ether layer. The aqueous phase is designated Fraction 1B in Table 
II. Fraction 2 was evaporated to dryness at room temperature, and the 
residue was dissolved in a mixture of 25 ml. of dilute ammonium hydroxide 
(pH 10) and 25 ml. of diethyl ether. The ether was separated and the 
aqueous layer reextracted successively with 25 ml. portions of ether until 
less than 1 per cent of the initial radioactivity could be detected in the 
ether. This ether extract is referred to in Table IT as Fraction 2A and 
the aqueous phase as Fraction 2B. All fractions were assayed for radio- 
activity. 

For the measurement of tissue-bound radioactivity, Fraction 3 was 
continuously extracted with boiling organic solvents for 24 hours (Table 
Ill). After the third extraction, 20 to 25 mg. of the tissue powder were 


3 All melting points are uncorrected. 
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suspended in 6 ml. of 10 per cent sodium hydroxide and allowed to stand 
for 12 hours at room temperature. The protein was reprecipitated from 
the clear solution by the addition of 6 ml. of ice-cold 50 per cent trichloro- 
acetic acid or by the dropwise addition of cold concentrated hydrochloric 
acid to pH 1. The precipitate was collected by centrifugation, dried at 
room temperature, and reextracted for 12 hours with ethanol. Proteins, 
soluble in the incubation medium of liver slice experiments, were precipi- 
tated by the addition of 10 ml. of 35 per cent trichloroacetic acid to 24 ml. 
of the supernatant liquid obtained from two incubation flasks. The re- 


TABLe Il 


Distribution of Radioactivity in Incubation Mixtures Containing Liver Slices and 
AAF-9-C'** 


Radioactivity of each | Added radioactivity 
fraction found 
Fraction No. 


Otime 4 hrs. 0 time | 4 hrs. 

c.p.m. per cent | per cent 
che 20 , 700 | 8,180 | 75.5 29.8 
1A. Ether extract at pH 10.................. 20,900 3,940 | 76.0 | 14.3 
2. Acetone washings of homogenized slices... __. 4,400 | 16,900 | 16.0 61.5 
2A. Ether extract at pH10............... | 4,280 10,500 | 15.5 38.2 
3. Acetone-washed dry tissue................. | 230 1,130 0.8 4.1 


* Two flasks, each containing 1.0 gm. of liver slices and 12 ml. of incubation 
medium containing 275 y of AAF-9-C'* (27,500 ¢.p.m.), were incubated, with shaking, 
at 37°. Oxygen was passed through the flasks during the experiment. 


sulting precipitate was collected by centrifugation, dried at room tempera- 
ture, and tested for tissue-bound radioactivity as described. 

In experiments with homogenates, the incubation mixtures were poured 
into 9 volumes of acetone and centrifuged. The resulting precipitates 
were washed three times with 25 ml. of acetone and dried at 105° to con- 
stant weight. The dry powders were tested for tissue-bound radioactivity 
as described above. The combined supernatant liquids and wash solutions 
were used for identification of AF by the carrier technique as follows. 
They were evaporated in vacuo at room temperature and taken to complete 
dryness in vacuo over phosphoric anhydride. The dry residue was taken 
up in 1:1 ethyl acetate-diethy] ether, and the radioactivity of this solution 
was determined. 100 mg. of carrier AF, m.p. 127°, were then added, and 
the solution was heated under reflux to insure complete mixing. After 
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cooling, AF-9-C™ was isolated (4) and crystallized from 28 per cent ethanol 
or from n-hexane (b.p. 65-67°) to constant specific radioactivity (Table 
VII). The AF-9-C™, m.p. 127°, was acetylated (11) and AAF-9-C™, m.p. 
196-197°, crystallized from 50 per cent acetic acid. 

Identification of Metabolites by Filter Paper Electrophoresis and Paper 
Chromatography—The incubation media from slice experiments or the 
homogenates were poured into 9 volumes of acetone and the deproteinized 
solutions taken to dryness as described for the carrier experiments. The 
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Fig. 2. Paper electrophoretic and paper chromatographic separation of 2-amino- 
fluorene, 2-hydroxy-7-aminofluorene, and 2-hydroxy-7-acetylaminofluorene in liver 
slice experiments. A, detection of 2-AF from an n-butanol extract by paper elec- 
trophoresis in 20 per cent acetic acid. B, detection of 2-OH-7-AAF by paper chro- 
matography on papers that had been subjected to paper electrophoresis. The sol- 
vent for chromatography was the aqueous phase of the butanol-ethanol-water 
mixture described under methods. (, detection of 2-OH-7-AF by paper electropho- 
resis after acid hydrolysis of the butanol extract, thus confirming the presence of 
2-OH-7-AAF. The conditions were the same as those described in Table V. 


dry residues were heated under reflux with 5 to 10 ml. of n-butanol. Ali- 
quots of the butanol extracts were applied to paper strips for electrophoresis 
and subsequent chromatography (14). This method of separation was 
found to be superior to paper chromatography alone, since the presence of 
extraneous materials in the butanol extracts prevented separation of me- 
tabolites by the latter method. Interfering materials reduced the electro- 
phoretic mobilities of the compounds, but did not affect their resolution 
(Fig. 2). The mobilities of the compounds in samples which had been 
heated with hydrochloric acid were approximately 10 per cent greater than 
those in untreated samples (Table VI). Tissue blanks, which were run 
simultaneously, were obtained in the same manner from incubation mix- 
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tures which contained the same weight of tissue as the experimental sam- 
ples, but no substrate. Control papers were made by adding 2 to 5 y of 
the compounds under study to aliquots of the tissue blanks. Experiments 
with incubation medium and AAF in the absence of tissue showed that the 
experimental conditions did not produce the metabolites observed in the 
presence of tissue. 


Results 


In view of the unknown action of in vitro systems on AAF, the ability 
of liver slices to metabolize the compound was tested by comparing the 
distribution of the radioactivity in incubation mixtures at zero time and 
after 4 hours (Table II). Metabolic activity was indicated by a change 
in the solubility of the radioactivity. At zero time, practically all of the 
radioactivity of Fractions 1 and 2 could be extracted by ether at pH 10. 
In contrast, after 4 hours, only 48 per cent of the radioactivity of Fraction 
1 and 62 per cent of the radioactivity of Fraction 2 were ether-soluble 
under these conditions. In addition to evidence for metabolism, Table IT 
shows that, only after 4 hours, 4 per cent of the radioactivity was still 
present on the tissue after repeated acetone washings. The possibility 
that AAF or a metabolite was bound to the tissue was explored by attempt- 
ing to remove the radioactivity (Table II]). However, the tissue remained 
radioactive after solvent extractions and retained its specific radioactivity 
after solution, reprecipitation, and reextraction, indicating chemical bind- 
ing. When the concentration of the labeled substrate was doubled, the 
specific radioactivity of the tissue increased almost in proportion. Exten- 
sive fixation of the radioactivity was also exhibited by proteins precipitable 
from the supernatant liquid with trichloroacetic acid. It may be seen 
from Table [IV that approximately 2 to 3 per cent of the radioactivity was 
irreversibly bound to tissue. In contrast, when homogenates were incu- 
bated with 275 or 410 y of AAF-9-C"™, the acetone-washed tissue had such 
alow specific radioactivity (<2.0 ¢.p.m. per mg.) that further experiments 
with this material became impracticable. Similarly, when a homogenate 
was incubated with 820 y of AAF-9-C"™, the specific radioactivity of the 
washed tissue was <3.0 ¢.p.m. per mg. and, after one continuous extraction 
with ethanol, <2.0 ¢.p.m. per mg. It appeared, therefore, that homogen- 
ization practically abolished binding of the radioactivity. 

Further experiments were carried out to determine more precisely the 
metabolic reactions performed by the liver. Deacetylation of AAF in 
vitro was demonstrated by the appearance of diazotizable amino groups. 
Table V shows that slices formed diazotizable amino groups only in an 
oxygen atmosphere. No free amine was detected when AAF was replaced 
by BAF. Homogenates deacetylated AAF to a greater extent than slices 
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did. Incubation of boiled slices or homogenates with AAF yielded no 
diazotizable material. Likewise, incubation of either substrate or tissue F 
alone failed to reveal the presence of a free diazotizable amine. 


Taste ‘ 


Radioactivity of Liver Slice Proteins and Soluble Proteins of Supernatant Solution 
Following Extraction with Organic Solvents 


Specific radioactivity after extraction 


‘Time of 
Solvent 
| extraction Liver slice | Liver slice | hy of 
| protein® | proteinf 
| 
hrs. permg. C.p.m. per mg. c.p.m. per mg. 
| 24 | | 9 54 
awa | 24 6m 126 61§ 
* Fraction 3 of the 4 hour incubation experiment reported in Table IL. - 
+ 1 gm. of liver slices was incubated for 4 hours as described in the text with 600 
y of AAF-9-C™ (60,000 ¢.p.m.) in an atmosphere of oxygen at 37°. The liver slice 
proteins represent Fraction 3 of this experiment; the soluble proteins of the super- 
natant liquid were precipitated by trichloroacetic acid. The tissues from two flasks 
were combined. 
t After this extraction a sample of the protein was dissolved in 10 per cent sodium 
hydroxide and reprecipitated by the addition of hydrochloric acid. 
§ After this extraction samples of the proteins were dissolved in 10 per cent sodium 
hydroxide and reprecipitated with 50 per cent trichloroacetic acid. 
IV 
Extent of Binding of Radioactivity by Liver Tissue . 
. Initial poo Fina Fraction of 
Experiment Tissue® radioactivity specific b+ 
No. | weight of in incubation radio- radioactivity 
| | flasks  activityt bound 
| me. c.p.m. C.p.m. per mg. per cent 
1 Slices | 140 | 27,800 | 6 3.0 
2 | 247 120,000 11 | 2.1 
2 Soluble proteins of su- 40 — 120,000 63 2.2 
| | wa 
| pernatant | 24° 
* The tissues were the same as those described in Table III. sh: 
t Specific radioactivity of the reprecipitated and reextracted tissue. In 
pel 
we 


For the identification of particular metabolites, paper electrophoresis, 
paper chromatography, and carrier experiments were employed. Both du 
AF and 2-OH-7-AAF were identified in butanol extracts of slice experi- hye 
ments (Fig. 2 and Table VI). AF, but not 2-OH-7-AAF, was also found sol 
in butanol extracts of homogenates. The possibility that the hydroxylated Ali 
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V 


Formation of Diazotizable Amine by Rat Liver Slices and Homogenates Incubated with 
2-Acetylaminofluorene 


Concentration Diazotizable amine found Calculated 


Substrate | Tissue Gas phase 
mixture 0 time 2 hrs. 4 brs. amine 
per mi. per ml. per ml. per mi. per cent 

None | Slices or ho- Oxygen <1.0 <1.0 <1.0 0.0 
mogenate 
AAF 25.0 <1.0; <1.0 | <1.0 0.0 
22.5 None - <1.0 | <1.0 | <1.0 0.0 
22.5 Slices <1.0 1.8 2.5 13.7 
” | 22.5 + Nitrogen <1.0 <1.0 <1.0 0.0 
BAF 20.8 Oxygen <1.0 <10 <1.0 0.0 
AAF 25.0 Homogenate ” <1.0 5.3 26.1 


The micrograms of diazotizable amine are expressed in terms of micrograms of 
AF. The wet weight of tissue was 1.0 gm. in all experiments. Each value is the 
average concentration of diazotizable amine in three individual incubation flasks. 

* The tissue was heated in a boiling water bath for 10 minutes prior to incubation. 


Taste VI 
Identification of Metabolites by Paper Electrophoresis and Chromatography 
Mobilities are expressed in em. per second per volt per em. X 107°. 


Mobility of 2-hy- 


Mobility of R 2-hydroxy-7-acetyl- 
Experiment No. Tissue 
Control Control Experimental Control | 
3 Slices 4.1 | 4.1 0.17 0.20 
3* ‘6 4.5 | 4.4 3.9 | 3.9 
4A = 3.9 3.9 | 0.20 0.23 
4B ” 3.9 3.8 0.20 0.21 
5 HHomogenate 4.1 4.1 0.21 Not found 
6 4.2 4.1 O.S5 


The temperature during paper electrophoresis was 23° + 0.5°, and the electrolyte 
was 20 per cent acetic acid. The temperature during paper chromatography was 
24° + 0.5°. The solvent for chromatography was the aqueous phase obtained by 
shaking 12 parts of distilled water with 8 parts of n-butanol and 1.5 parts of ethanol. 
In Experiment 6 the solvent for chromatography was n-butanol saturated with 20 
per cent ammonium hydroxide. Extracts for electrophoresis and chromatography 
were prepared as described in the text. 

*0.5 ml. of the butanol extract (2.0 ml.) was evaporated to dryness and the resi- 
due hydrolyzed by heating for 1 hour at 100° in a mixture of 0.3 ml. of concentrated 
hydrochloric acid, 0.5 ml. of glacial acetic acid, and 2.0 ml. of distilled water. The 
solution was evaporated to dryness and the residue dissolved in 0.5 ml. of n-butanol. 
Aliquots of this solution were subjected to paper electrophoresis. 
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derivative escaped detection appears unlikely in view of the following 
considerations. Recovery experiments indicated that 5 to 10 y of 2-OH- 
7-AAF could readily be accounted for on chromatograms. Furthermore, 
the butanol extract of Experiment 6 of Table VI contained 92.5 per cent 
(223,170 ¢.p.m.) of the added radioactivity (241,000 ¢.p.m.). The com- 
pleteness of the recovery of the radioactivity, in conjunction with the 
chromatographic recovery, indicated that no substantial losses of 2-OH-7- 
AAF would have occurred in the preparation of the extract if the compound 
had been present as a metabolite. Formation of AF by homogenates was 
confirmed by carrier experiments (Table VII). The isolated AF-9-C"™ 


Taste VII 


Identification of 2-Aminofluorene by Carrier Experiments in Liver Homogenates 
Incubated with 


| Specific Calculated Estimated 

Recrystallizing solvent radioactivity* of amount of AF | dinnatinnhle 
Compound | compound formed 
ets 

| Experi Experi- Experi- Experi- 

Experiment 7 | Experiment 8 9 | 7 | mone Experiment 8 

C.P.M. | €.9.M. per cent per cent per cent 


per mg. per mg. 


AF C.H,OH 28% C2H,OH 1730-2190. 


| | | 
AAF | 5)% CH;COOH 59% CH;COOH 1190 1960 5.6 10.8 23.1 


* The specific radioactivity is expressed in counts per minute per mg. of labeled 
carbon atom 9 and is equal to (the counts per minute per mg. of the compound) 
x (the molecular weight of the compound)/12. 

t By spectrophotometric analysis. 


was shown to be pure by crystallization to constant specific radioactivity 
and conversion to the acetyl derivative with no change of the specific 
radioactivity. In Experiment 8 of Table VII, in which four flasks, each 
containing a homogenate and 410 y of AAF-9-C"™, were incubated for 4 
hours, the effluent gases were passed through 20 ml. of carbonate-free 2.5 
per cent sodium hydroxide. The solution was changed and assayed for 
radioactive carbon dioxide every hour (16). No radioactive barium car- 
bonate was obtained. In agreement with studies in vivo (1, 4), the carbon 
atom at the 9 position of the fluorene ring was therefore not detached. 


DISCUSSION 


The present experiments provide evidence that the liver performs at 
least two metabolic transformations of AAF, deacetylation to AF and 
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hydroxylation to 2-OH-7-AAF. This confirms the previous suggestion 
that the liver plays a major réle in the hydroxylation of AAF (5). While 
both slices and homogenates deacetylate AAF, only slices hydroxylate the 
carcinogen. ‘This indicates that different enzymes are involved in the two 
reactions, one of which is inactivated during homogenization of the tissue. 

To account for the difference in the binding of radioactivity by slices 
and homogenates, the following explanations may be advanced. First, 
the intact cell may be required for binding. Second, the bound compound 
may be a metabolite which is produced by slices, but not by homogenates. 
Third, both the intact cell and a metabolite, which is produced by the 
intact cell only, may provide the necessary conditions for binding. The 
latter possibilities are supported by the observation that hydrolysis of 
radioactive liver proteins, resulting from the feeding of AAF-9-C™ to rats, 
yielded a radioactive compound or compounds which differed in solubility 
characteristics from the fed AAF-9-C™ (6). In addition, the demonstra- 
tion of the present study that liver slices form 2-OH-7-AAF and bind radio- 
activity, while homogenates do not, suggests that this derivative may be 
hound to tissue constituents. Any definite conclusions on these points, 
however, must await the isolation of the tissue-bound compounds. The 
observation that the amount of bound radioactivity is dependent on the 
concentration of AAF-9-C™ raises the question whether such a relation 
could be demonstrated in vivo. This would be of interest, since the in- 
duction time for tumor formation depends on the level of AAF in the diet 
(17). 

The results of the present study indicate a consistent discrepancy be- 
tween the amounts of deacetylated products and the quantities of AF 
formed by homogenates. This point is illustrated by the data of Experi- 
ment 8 of Table VII, in which deacetylation by the spectrophotometric 
method and formation of AF by the carrier method were measured simul- 
taneously. The carrier experiment was performed on a solution which 
contained 93.0 per cent of the initial radioactivity and showed 10.8 per 
cent conversion of AAF to AF. By the spectrophotometric method, only 
37 per cent of the AF present was recoverable from homogenates (Table I). 
It follows that, in the above instance, the formation of AF, if expressed as 
diazotizable amino groups, would be measured as 0.37 10.8 per cent or 
4.0 per cent deacetylation. Since 23.1 per cent was actually detected, 
other, as yet unidentified, diazotizable products must have been present 
in the incubation mixtures. In view of the unknown identity of these 
products, no quantitative significance can therefore be attached to data 
obtained by spectrophotometry alone. 2-OH-7-AF, which has been re- 
ported as a urinary metabolite of AAF (18), was not found in the present 
experiments. This derivative, therefore, did not contribute to the uni- 
dentified diazotizable compounds. 
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SUMMARY 


1. Rat liver slices and homogenates deacetylated the carcinogen 2-ace- 
tylaminofluorene to 2-aminofluorene. The data indicate that homogenates 
also yielded other, as yet unidentified, metabolites having a free diazotiza- 

ble amino group. Deacetylation did not take place in the absence of 
oxygen. 2-Benzoylaminofluorene yielded no free diazotizable amine. 
Slices, but not homogenates, hydroxylated 2-acetylaminofluorene to 2-hy- 
droxy-7-acetylaminofluorene. 

2. When rat liver slices were incubated with 2-acet ylaminofluorene-9-C", 
the proteins in slices, as well as the proteins precipitable from the superna- 
tant liquid by trichloroacetic acid, bound a small fraction of the radio- 
activity. Comparable binding of the radioactivity could not be demon- 
strated with homogenates. 

3. The implications of these findings are discussed. 
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ANTITHYROID ACTION OF TETRAETHYLTHIURAM 
DISULFIDE 


By ARTHUR W. WASKE ann JENS CHRISTENSEN 


(From the Divisions of Biological Chemistry and Pharmacology, Hahnemann Medical 
College, Philadelphia, Pennsylvania) 


(Received for publication, April 12, 1954) 


Tetraethylthiuram disulfide (Antabuse) has been demonstrated to be 
clinically useful in treating alcoholism (1). The compound has been shown 
to inhibit the oxidation of acetaldehyde (2) and, further, to inhibit the 
action of rat liver xanthine oxidase to the extent of 71 per cent, and the 
succinoxidase system 100 per cent (3). 

Examination of the chemical structure of Antabuse indicates that it con- 
tains two atomic groupings found in many antithyroid drugs, 7.e. —N—-C— 


S 
(4). This study indicates that Antabuse possesses some antithyroid action 
in the rat and reacts readily with I, in vitro. 


EXPERIMENTAL 


Eight adult (190 to 210 gm.) male Wistar rats were given Antabuse by 
intubation, 0.5 gm. per kilo per day, for 3 days. <A 0.1 per cent suspension 
in 1 per cent gum acacia was employed. Sham treatment was received by 
eight comparable control rats. Food and water were permitted ad libitum 
during the experiment. 24 hours after the last dose of the drug, the an- 
imals were given an intraperitoneal injection of 1 we. of carrier-free I'*!, as 
iodide. Control rats were treated likewise at the same time. 4 hours 
after injection, the animals were sacrificed by exsanguination, preceded by 
light ether anesthesia. The entire thyroids were removed, weighed, and 
prepared for radioassay as described elsewhere (5). The results shown in 
Table I indicate thyroid activity, as measured by I"! uptake per unit mass 
of tissue, to be markedly impaired in the animals treated with Antabuse. 

Since many of the antithyroid drugs react readily with iodine (6), it was 
decided to study such a reaction with Antabuse. Preliminary findings 
showed Antabuse, in CHCl;, to react rapidly with I., forming a violet- 
brown-colored complex, the absorption spectrogram of which is indicated in 
Fig. 1. A preparation of 0.01 m Antabuse dissolved in 2 per cent sorbitan 
monooleate reacted quite rapidly with 0.01 Nn I... Concentrations of I, 
greater than this resulted in the formation of a dark brown precipitate in 
the reaction vessels. The rate of reduction of I. to I- was measured by 
titration with 0.01 N Na.S.O3 at timed intervals. The temperature was 
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76 ANTITHYROID ACTION OF ANTABUSE 
TABLE I n 
Effect of Tetraethylthiuram Disulfide on I'** Uptake of Thyroid from Eight Rats a 
Group Thyroid activity | Per cent t 
c.p.m. per mg. 
126.4 + 7.5* | 100.0 
Antabuse-treated............. 56.2 + 6.8* | 44.8 
* Mean value + standard error of the mean. a 
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maintained at 22.4 + 0.1°. The reaction appears to be of the first order, 
as shown in Fig. 2, where log [I] is plotted against time. Reaction flasks 
that were allowed to stand overnight invariably contained a white pre- 
cipitate which has not yet been identified. 


DISCUSSION 


The present data indicate that Antabuse inhibits the iodine-trapping 
mechanism of the rat thyroid and reacts with I; in a manner common to 
many antithyroid compounds (4). The mechanism of the inhibition may 
involve the oxidation of I- to I., followed by the reaction of the I. with 
—SH to form —S—S—., after some shifting of valence bonds of the Anta- 
buse molecule to provide reactive —-SH groups. A reaction of I; with Anta- 
buse to form a complex substance has been indicated, and it is not im- 
probable that this could occur in the organism, thereby rendering the I, 
inaccessible for synthetic purposes by the thyroid. Furthermore, since 
Cut appears to be an important factor in the iodide metabolism of the 
thyroid gland! (7), and since Antabuse has been shown to react readily 
with Cu*+ to form stable complexes (8), it is possible that Antabuse may im- 
pair the I'*! uptake by effectively removing Cutt from the biological svs- 
tem responsible for the oxidation of I- to I.. The inhibition of xanthine 
oxidase by Antabuse (3) may be related to the above facts, this enzyme 
system being quite probably involved in thyroid iodine metabolism (9). 
These assumed modes of action are presently under investigation. 

It has been shown that Antabuse prolongs thiopental anesthesia (10). 
Previous findings (11) indicate thiopental to have a marked antithyroid 
action. Hence, it is quite possible that the antithyroid properties of both 
of thers drugs are complimentary, especially in view of studies made in 
these laboratories which indicate anesthesia to be prolonged in thyroidec- 
tomized animals. 


SUMMARY 


1. Antabuse reduced the thyroid I'*!-trapping activity of the rat to 44.8 
per cent of that of control animals. 

2. Antabuse reacts with I. to form a complex substance. 

3. Iodine is reduced by Antabuse in an aqueous medium. 
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FACTORS AFFECTING THE INDUCTION OF XANTHINE 
OXIDASE OF MOUSE LIVER* 


By L. 8. DIETRICH 


(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, May 18, 1954) 


In 1948 Keith et al. (1) demonstrated that in chicks fed a folie acid- 
deficient diet liver xanthine oxidase activity was far higher than that 
observed in birds receiving adequate levels of folic acid. It was postulated 
(2, 3) that 6-formylpteridine, a potent inhibitor of xanthine oxidase in 
vitro, was biologically active in controlling the oxidation of xanthine and 
hypoxanthine zn vivo, since 6-formylpteridine is generally a contaminant of 
folic acid preparations. It was subsequently shown that this could not 
be the case (4), and it has been inferred that a folic acid deficiency gives 
rise to abnormally high xanthine oxidase activity rather than that dietary 
folic acid depresses normal enzymatic activity (4, 5). Recently, it has 
been demonstrated that a vitamin E deficiency increases xanthine oxidase 
activity of rabbit liver (6). This increase in enzymatic activity was ob- 
served to occur only in the liver, the low xanthine oxidase activities of 
other rabbit tissues being unaltered by a vitamin E deficiency (7). A 
similar phenomenon was observed in the case of the folic acid-deficient 
chick (5). 

These observations, the importance of xanthine and hypoxanthine oxi- 
dation in purine catabolism, and the fact that both of the above deficiencies 
are accompanied by a derangement of purine metabolism lead one to specu- 
late regarding the possible adaptation of this enzyme in the presence of 
elevated concentrations of purines. The data presented in this paper 
suggest that xanthine oxidase of mouse liver may be an adaptable or 
inducible enzyme. 


EXPERIMENTAL 


The animals, C57 black male mice, 2 to 3 months of age, and Sherman 
albino female rats, 6 to 9 weeks of age, were housed in plastic cages in an 
air-conditioned constant temperature animal room and received a diet of 
Rockland pellets and water ad libitum. Xanthine (Nutritional Biochemi- 


* This work was supported by an anonymous cancer gift and the Mary Madison 
McGuire Fund. The author wishes to acknowledge the technical assistance of Miss 
kK. Borries and Miss R. Fugmann. A preliminary report has appeared (Federation 
Proc., 18, 455 (1954)). 
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cals Corporation) was suspended in saline by homogenization for 3 minutes 
in a glass homogenizer of the Potter type. The xanthine suspension, at a 
level of 10 to 20 mg. per ml., was administered by intraperitoneal injection. 
Control animals received an equivalent volume of saline. 

All animals were killed by cervical rupture. The tissues to be analyzed 
were immediately removed and chilled in ice-cold isotonic saline, blotted 
dry, weighed, and homogenized in an appropriate volume of 0.039 m phos- 
phate buffer, pH 7.4. Xanthine oxidase activity was measured colorimet- 
rically and manometrically by the procedures of Dietrich and Borries (8) 
and Axelrod and Elvehjem (9), respectively. 


RESULTS AND DISCUSSION 


The effect of xanthine administration on the xanthine oxidase activity 
of mouse liver is presented in Table I. Six daily injections of xanthine 
had no effect on enzymatic activity. However, between the 6th and 12th 
days of xanthine administration a very marked increase in the liver xan- 
thine oxidase activity occurred; continued treatment with xanthine for an 
additional 8 days had no further effect. Values for animals receiving an 
equivalent volume of saline were unchanged throughout the experimental 
period. Manometric analyses of the same liver homogenates produced 
comparable results, the average readings being 76 and 133 ul. of Os» taken 
up per 20 minutes per gm. of liver, wet weight, for the saline controls and 
the xanthine-treated animals, respectively. Of the tissues studied, liver 
was the only one observed to be affected by the administration of xanthine, 
the xanthine oxidase activity of kidney and lung being unaltered after 20 
days of xanthine administration (Table II). The delayed exaltation of 
enzymatic activity observed in these studies (Table I) is in contrast to 
the rapid increase in tryptophan peroxidase activity that occurs when 
L-tryptophan is administered to the rat (10, 11). However, similar ‘“‘long 
term adaptation”? phenomena in microorganisms are not unknown (12). 
Such a delayed response may possibly be attributed to an inability of the 
liver tissue to mobilize sufficiently rapidly the amino acids needed for the 
synthesis of apoenzyme or the flavin adenine dinucleotide and molybdate 
cofactors (13) necessary for an increase in enzymatic activity. 

No significant differences were observed between the saline and xanthine- 
treated groups in liver size or in the gross appearance of the tissue. Fur- 
thermore, histological studies indicate that no marked redistribution of the 
cell population in the liver occurred upon prolonged xanthine treatment 
(unpublished data). This indicates that the increase in xanthine oxidase 
activity observed is a result of increased cellular enzymatic activity rather 
than just an increase in cell population. 

In view of the demonstration that L-methionine is essential for the 
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maintenance and synthesis of xanthine oxidase (14), studies were con- 
ducted to ascertain the effect of the methionine antagonist pL-ethionine 
on mouse liver xanthine oxidase activity, alone and in the presence of 
xanthine (Table III). Administration of xanthine resulted in a 50 per 


TaBLe I 
Effect of Xanthine Administration on Xanthine Oxidase Activity of Mouse Liver 


The results are in micromoles of allantoin formed per hour per gm. of liver, wet 
weight. 


Days on test | Saline control Xanthine administration 
6 8.3 (3) 9.5 (5) 
12 16.2 (3) 
16 9.2 + 0.7 (6) 15.5 + 1.3 (9) 
20 | 9.2 + 0.6 (8) 15.6 + 0.6 (8) 


Xanthine, suspended in water, was administered daily by intraperitoneal injection 
at a level of 120 mg. per kilo of body weight. The control animals received an 
equivalent volume of saline. The figures in parentheses represent the number of 
individual observations run in duplicate. The standard error, yd2/n(n — 1), is 
indicated when applicable. 


II 
Effect of Xanthine Administration on Xanthine Oxidase Activity of Mouse 
Lung and Kidney 
The results are in micromoles of uric acid formed per hour per gm. of tissue, wet 
weight. 


Tissue | Saline control | Xanthine administration 
1.30 (1.17-1.83) | 1.48 (1.17-1.76) 


Xanthine, suspended in water, was administered daily at a level of 120 mg. per 
kilo of body weight by intraperitoneal injection. The animals were sacrificed after 
twenty injections of xanthine. The values for kidney are the average of eight 
individual observations run in duplicate. (The range of values is in parentheses.) 
The values for lung are the average of three determinations run in duplicate. Each 
determination represents three pooled pairs of lungs. 


cent increase of xanthine oxidase activity. The administration of pDL- 
ethionine at a level of 70 mg. per kilo of body weight per day produced 
some inhibition in xanthine oxidase activity when compared to that of 
the saline controls. Administration of xanthine along with p.L-ethionine 
resulted in values no higher than those obtained with p.i-ethionine alone. 

In a second experiment (Table IIT) the administration of pi-ethionine 
at a level of 40 mg. per kilo in combination with xanthine produced liver 
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xanthine oxidase values similar to those obtained with control animals. 
The simultaneous administration of pL-methionine (160 mg. per kilo) to- 
gether with ethionine and xanthine was observed to reverse the inhibitory 
effects of ethionine significantly. One may therefore conclude that the 
increase in enzymatic activity is actually an increase in enzymatic concen- 
tration. Whether this increase in xanthine oxidase is a result of de novo 
synthesis or of the modification of existing protein moieties cannot be 
assessed from the data. pi-Ethionine has previously been shown to in- 


TaBLe III 


Effect of pu-Ethionine on Ability of Xanthine to Induce Xanthine Oxidase 
Activity in Mouse Liver 


| 

No. per gm. wet weight* 
1 Saline control 10.0 + 0.2 (10) 
Xanthine (150) 15.2 + 0.6 (11) 
pL-Ethionine (70) 6.8 + 0.3 (12) 

5 (70) + xanthine (150) 7.2 + 0.2 (11) 

2 Saline control 8.7 + 0.6 (8) 
pL-Ethionine (40) + xanthine (150) 9.3 + 0.6 (10) 

‘a3 (40) + pui-methionine (160) + xan- 12.1 + 0.5 (9) 

thine (150) 


Xanthine suspended in water and pi-ethionine and pL-methionine dissolved in 
saline were administered daily by intraperitoneal injectior. The control animals 
received an equivalent volume of saline. Ethionine and methionine administration 
was begun 5 days after the xanthine administration. The experiments were ter- 
minated after eighteen and sixteen consecutive xanthine injections, respectively. 

* The figures in parentheses represent the number of individual observations run 
in duplicate. The standard error is included. 

+ The values in parentheses are in mg. per kilo of body weight. 


hibit the adaptation of tryptophan peroxidase in liver (15) and adap- 
tive enzyme formation in yeast (16). 

The effect of histamine and cortisone on xanthine oxidase activity of 
mouse liver was studied in an attempt to determine whether the increase 
in enzymatic activity observed upon xanthine administration was due to 
a direct action of the purine or to a hormonal response produced by the 
stress of xanthine treatment. These studies were carried out in view of 
the observation that a considerable quantity of the administered xanthine 
was deposited in the intraperitoneal cavity, and were stimulated by the 
studies of Knox (11), who observed that in the adrenalectomized rat 
L-tryptophan was a specific inducer of tryptophan peroxidase, whereas in 
the intact rat various stress-producing substances had a similar effect. 
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The administration of histamine or cortisone (Table IV) was observed 
to increase the xanthine oxidase activity of mouse liver significantly. 
From these observations it must be concluded that the induction of liver 
xanthine oxidase in the intact mouse is not a specific response to an elevated 
level of substrate. Further studies with adrenalectomized animals are 
necessary in order to determine whether liver xanthine oxidase can be 


TABLE IV 
Effect of Histamine and Cortisone on Xanthine Oxidase Activity of Mouse Liver 


Xanthine oxidase activity, 


ant oe Treatment uM allantoin formed per hr. 
igi per gm. wet weight 
| 
1 Saline control + 0.5 (8) 
_ Histamine phosphate (200 y per mouse per day) — -14.4 + 0.6 (8) 
2 Saline control =8§.7 + 0.6 (8) 
 Cortisone acetate (250 per mouse per day) 12.0 + 0.7 (10) 


Histamine phosphate and cortisone acetate were administered intraperitone- 
ally and intramuscularly, respectively. The animals were sacrificed after six- 
teen consecutive injections. The figures in parentheses represent the number of 
individual observations run in duplicate. The standard error is included. 


TABLE V 
Effect of Xanthine Administration on Xanthine Oxidase Activity of Rat Liver 


The results by the colorimetric method are in micromoles of allantoin formed per 
hour per gm. of liver, wet weight; by the manometric method, micromoles of O2 
taken up per hour per gm., wet weight. 


Method | Control 
| 7.7 (5.9% 8.7) | 10.4 (8.3-11.6) 


The values are the average of five observations run in duplicate. The rats re- 
ceived twenty-three daily injections of xanthine (150 mg. per kilo of body weight). 
The figures in parentheses represent the range of values. 


induced by the administration of xanthine in the absence of hormonal 
complications. Such a demonstration is necessary before liver xanthine 
oxidase may be labeled an ‘inducible enzyme” as the term is employed 
by the microbiologist. 

The ability to induce an increase of liver xanthine oxidase appears to 
differ with species, being more pronounced in the mouse (Table I) than in 
‘e rat (Table V). In rats given xanthine at a level of 150 mg. per kilo 
of body weight for 23 consecutive days the xanthine oxidase activities 
were slightly higher than in those receiving equivalent volumes of saline 
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(Table V). These differences are, however, not significant, since there is 
considerable overlapping of values between groups. These observations 
are of interest in view of the inability of Westerfeld and Richert (17) to 
detect any changes in liver xanthine oxidase activity in rats fed a folic 
acid-deficient, purified diet containing | per cent sulfasuxidine. 

The present studies together with those of Knox (10, 11) and the sug- 
gestive data of various other investigators (18-21) accentuate the impor- 
tance of inducible or adaptable enzymes in the metabolism of higher 
organisms. Furthermore, the data demonstrate the existence at the 
mammalian level of a phenomenon known to the microbiologist as ‘‘long 
term adaptation.’”’ It is possible that, owing to the complexity of higher 
organisms and the ensuing competition for metabolites which exists be- 
tween the various organs and tissues that comprise the whole organism, 
such phenomena may be found to be far more prevalent in higher forms 
of life than in microorganisms. 


SUMMARY 


1. The administration of xanthine had no effect on xanthine oxidase ac- 
tivity of mouse liver after six consecutive daily injections. However, be- 
tween the 6th and 12th days of xanthine administration a very marked 
increase in liver xanthine oxidase activity occurred. Continued treat- 
ment with xanthine had no further effect. 

2. The xanthine oxidase activity of the kidneys and lungs of the mouse 
was unaffected by twenty consecutive daily injections of xanthine. 

3. The administration of pi-ethionine along with xanthine produced 
xanthine oxidase values in mouse liver no higher than those obtained with 
pL-ethionine alone. This antagonism of xanthine oxidase induction by 
pL-ethionine was reversed by pL-methionine. 

4. The administration of histamine or cortisone to mice for 16 consecu- 
tive days caused a significant increase in the xanthine oxidase activity of 
the liver. 

5. The ability to induce an increase of liver xanthine oxidase appears to 
differ with species, being more pronounced in the mouse than in the rat. 
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THE BIOSYNTHESIS OF SPHINGOSINE 


II. THE UTILIZATION OF METHYL-LABELED ACETATE, FORMATE, 
AND ETHANOLAMINE* 


By IRVING ZABIN anp JAMES F. MEAD 


(From the Department of Physiological Chemistry, University of California School 
of Medicine, Los Angeles, California) 


(Received for publication, June 1, 1954) 


An investigation of the biosynthesis of sphingosine was recently initiated 
with a study of the incorporation of carboxyl-labeled acetate into the sphin- 
gosine molecule by weanling rats (1). The results obtained suggested that 
sphingosine originates in the animal body from two precursors. One of 
these supplies carbon for the polar moiety, carbon atoms | and 2 of sphin- 
gosine, and cannot be acetate since no tracer was detected in this part of 
sphingosine. As a working hypothesis consistent with this result, the 
utilization of ethanolamine as a source of the polar moiety of sphingosine 
was proposed. The second precursor of sphingosine is derived from ace- 
tate. The relative isotope concentration at carbon atom 3 and in the 
fraction consisting of carbons 17 and 18 was the same as that obtained in 
studies on long chain fatty acid biosynthesis (2,3). This precursor, which 
is the source of the hydrocarbon chain of sphingosine, carbon atoms 3 to 
18, can be, therefore, a 16-carbon intermediate similar to palmitic acid. 

In this report, it is shown that acetate labeled in the methyl position is 
a precursor of the hydrocarbon chain of sphingosine. A more extensive 
degradation of this moiety was performed. It is also shown that formate 
carbon is incorporated almost exclusively into carbon atom | of sphingosine 
and that ethanolamine is not a direct source of the polar moiety of sphingo- 
sine. 


EXPERIMENTAL 


Administration of I sotope—20 day-old rats of the Wistar strain were used 
in all experiments. 14 mm of acetate-2-C™ (Tracerlab, Inc.), specific ac- 
tivity 3.35 & 10° c.p.m. per mg. of C, were injected intraperitoneally into 
twenty rats in daily doses over a 4 day period. The animals were sac- 
rificed on the 5th day. For the formate experiment, 5 mm of formate-C™ 
(Isotopes Specialties Company), specific activity 3.56 10° c.p.m. per mg. 


* This investigation was supported by a research grant, No. H-1255, from the Na- 
tional Heart Institute of the National Institutes of Health, United States Public 
Health Service. 
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of C, were similarly injected into eight animals. Ethanolamine hydro- 
chloride-1 ,2-C™ was prepared (4) from glycine-1-C™ and glycine 2-C"™ 
(Isotopes Specialties Company). 2 mM of ethanolamine hydrochloride- 
1 ,2-C", specific activity 7.0 & 10° ¢.p.m. per mg. of C, with isotope equally 
distributed between the 2 carbon atoms, were injected in the same way 
into ten rats. 

Isolation and Purification—-\n each experiment the brains of the rats 
were removed, pooled, and extracted to obtain crude sphingolipides (5). 
The carcasses including internal organs were treated similarly. Sphingo- 
lipides isolated from the carcasses were far less pure than those of the brain. 
Carcass sphingolipides, however, vielded greater quantities of labeled sphin- 
gosine. Sphingolipides were diluted with carrier obtained from beef brain 
and hydrolyzed by heating under reflux for 24 hours with 10 volumes of 
2 nN methanolic HCl. Sphingosine sulfate was isolated from each hydroly- 
sate, converted to the free base, hydrogenated, and treated with benzoy| 
chloride to form tribenzoyldihydrosphingosine (6). Each preparation was 
recrystallized at least two times and was not treated further until it was 
shown to have constant activity and the correct melting point. Pure 
carrier tribenzoyldihydrosphingosine was added at this point, as necessary, 
to yield sufficient amounts of material for further work. Saponification 
with refluxing ethanolic KOH for 15 hours, followed by evaporation of the 
alcohol and chloroform extraction of the residue, gav | dihydrosphingosine 
in quantitative yields. 

The dihydrosphingosine samples from the pooled —— and from the 
pooled carcasses after acetate administration were degraded separately 
with periodate to yield formaldehyde, formic acid, and palmitaldehyde (7). 
Formaldehyde was converted to the dimedon derivative, formic acid was 
oxidized to carbon dioxide and trapped as BaCO; , and palmitaldehyde was 
oxidized with permanganate in acetone to palmitic acid. The acid was 
degraded stepwise by treatment of the corresponding silver salts with bro- 
mine (8) to give, consecutively, carbon atoms 3, 4, and 5 of dihydrosphin- 
gosine in the case of the lipide derived from the carcass, and to give carbon 
atoms 3 and 4 for the lipide obtained from brain. The carbon dioxide 
obtained by these decarboxylations was collected as BaCQO,. Since es- 
sentially identical results were obtained for both samples of dihydrosphin- 


gosine, only the values obtained for carcass dihydrosphingosine are pre-, 


sented in Table I. After formate injection, dihydrosphingosine obtained 
from the carcass was degraded. After ethanolamine administration, the 
pure dihydrosphingosine derivatives from the brain and from the carcass 
were combined prior to degradation. In the latter two experiments, pal- 
mitaldehyde was isolated as the semicarbazone. 

Isotope Analyses—Formaldehyde dimethone was plated directly and 
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corrected for back-seattering. All other samples were assayed in the form 
of BaCOs; , as described previously (1). 


Results 


Acetate-2-C'*-The formation of fatty acids from methyl-labeled acetate 
is known to furnish label primarily to the even numbered carbon atoms of 
the fatty acids. The relatively small amount of isotope found in the odd 
carbon atoms is apparently due to randomization of acetate carbon in the 
Krebs cycle. In order to provide further evidence for the participation in 
sphingosine synthesis of a fatty acid-like intermediate, methyl-labeled 
acetate was administered to a group of weanling rats. Degradation of 
dihydrosphingosine obtained from these animals yielded results entirely 
consistent with the concept that carbon atoms 3 to 18 are derived from a 


Tasie I 
Distribution of Isotope in Dihydrosphingosine from Acetate-2-C™ 


Fraction | Activity 
c.p.m. per mg. C 
Dihydrosphingosine | 130 
Formaldehyde (C-1) 70 
Formic acid (C-2) 50 
Carboxyl of palmitic acid (C-3) 5O 
‘* pentadecanoic acid (C-4) 245 


myristic acid (C-5).. 60 


fatty acid, or an activated derivative of a fatty acid. It is shown in Table 
I that carbon atom 4, an even numbered carbon atom of the suggested 
precursor, was found to have a specific activity about twice that of dihydro- 
sphingosine. Carbon atoms 3 and 5, on the other hand, were each found 
to be only one-fourth or one-fifth as active as carbon in the even position. 
A relatively low level of activity was demonstrated to be present in C-1 
and C-2 of dihydrosphingosine. The methyl carbon of acetate can there- 
fore not be a direct precursor of these carbons, but must instead be trans- 
formed to a more immediate precursor only after extensive dilution with 
unlabeled intermediates. The appearance of labeled carbon in this part of 
dihydrosphingosine is consistent with the suggestion that ethanolamine is a 
direct precursor. The pathway of conversion of the methyl carbon of 
acetate to ethanolamine can be through serine via pyruvate (9-12). 
Formate-C''——The distribution of labeled carbon in sphingosine after the 
administration of formate-C™ would be expected either to provide evidence 
for the direct utilization of ethanolamine in sphingosine biosynthesis or 
to rule out this possibility. Formate carbon is known to be incorporated 
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into the B-carbon atom of serine (13). Conversion of serine by decarboxyl- 
ation into ethanolamine would yield the latter compound marked with 
C™ primarily in the carbinol carbon atom (14). If labeled ethanolamine 
formed in this manner were used as a direct precursor of sphingosine, activ- 
ity in the lipide would be concentrated almost entirely in carbon atom 1. 

After formate-C" administration, carbon atom | had a specific activity of 
985 ¢.p.m. per mg. of C, carbon atom 2 an activity of 160 ¢.p.m. per mg. 
of C, and palmitaldehyde as the semicarbazone an activity of only 15 ¢.p.m. 
per mg. of C (Table IT). It is apparent that these results are in harmony 
with the proposed mechanism of synthesis. 

Ethanolamine-1 ,2 C'—In the event that ethanolamine was a direct 
precursor of carbon atoms 1 and 2 of sphingosine, two conditions must be 
fulfilled. First, the ratio of tracer in the polar moiety of the lipide must 


TaBLe II 


Distribution of Isotope in Dihydrosphingosine from Formate-C'* and 
Ethanolamine-1,2-C"* 


Activity 
Fraction 
Formate-cu Ethanolamine- 
€.p.m. por mg. por me.C 
Palmitaldehyde semicarbazone (C-3 through C-18). 15 30 


be the same as or very similar to the ratio of isotope in doubly labeled 
ethanolamine. Obviously a change in this ratio could only occur if etha- 
nolamine were converted to another compound or compounds prior to in- 
corporation of isotopic carbon into the lipide. With a change in the ratio, 
a compound derived from ethanolamine must instead be a direct precursor 
of the polar portion of sphingosine. To obtain this information, doubly 
labeled rather than singly labeled ethanolamine was prepared and admin- 
istered. Second, a direct precursor of the polar moiety of sphingosine 
would be expected to contribute much more label to this part of the mol- 
ecule than to the fatty portion of the lipide. If ethanolamine were this 
precursor and even if it were also converted rapidly to acetate, a consider- 
able dilution of acetate formed from ethanolamine by endogenous acetate 
would occur. The specific activity of C™ in the hydrocarbon chain would 
thus of necessity be far less than that in carbon atoms | and 2 of sphingo- 
sine. These arguments rest on the reasonable assumption that sphingo- 
sine newly formed in the weanling rat has a low rate of turnover. 
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The results obtained after the administration of ethanolamine hydro- 
chloride-1 ,2-C™ are presented in Table II. Carbon atom 1 was found to 
have approximately the same specific activity as that of dihydrosphingo- 
sine, carbon 2 about twice the activity, and the remainder of the chain an 
activity slightly less than that of the total molecule. These data show that 
neither of the conditions outlined above is met. The ratio of isotope in 
carbon atom | to carbon atom 2 in dihydrosphingosine is about one-half the 
ratio in the substrate, and the activity in this portion is very little greater 
than the activity in the hydrocarbon chain of the lipide. It is apparent, 
therefore, that ethanolamine cannot be a direct precursor of sphingosine, 
but is instead converted to other compounds which are used more directly 
in sphingosine biosynthesis. 


DISCUSSION 


Evidence presented here and in Paper I (1) concerning the distribution of 
acetate carbon in carbon atoms 3 through 18 of sphingosine strongly sup- 
ports the hypothesis that the origin of this portion of the lipide is a fatty 
acid. In view of the participation of acyl coenzyme A compounds in fatty 
acid oxidation and synthesis (15) and in the formation of phosphatides (16), 
it is possible that the direct precursor of this part of sphingosine is palmity] 
or 2-hexadecenyl coenzyme A. It is of interest to note that sphingosine 
has been reported to have a trans configuration about the double bond 
(17). Instudies on short chain fatty acid oxidation, it has been shown that 
the product of butyryl coenzyme A oxidation appears to be crotonyl coen- 
zyme A (18), a compound which also has the trans configuration about the 
double bond. 

These experiments have also shown that formate but not ethanolamine 
is a precursor of carbon in the polar moiety of sphingosine. These findings 
immediately suggest the participation of serine as an exclusive precursor 
of carbon atoms | and 2 of sphingosine. Formate is converted to the 6- 
carbon atom of serine (13), but ethanolamine is not directly transformed 
to serine (4, 19). According to this hypothesis, the 8-carbon of serine is 
the source of carbon | and the a-carbon of the amino acid is the source of 
carbon atom 2 of sphingosine. Since ethanolamine cannot substitute for 
serine in the biosynthesis of sphingosine, decarboxylation of the conden- 
sation product, rather than of the amino acid, must occur. 

The incorporation of activity from labeled glycine, ethanolamine, and 
serine into the base sulfate fraction containing sphingosine has been re- 
ported recently by Sprinson and Coulon (20). Their results, obtained by 
degradation of crude sphingosine sulfate and our results with pure dihydro- 
sphingosine agree very closely. Sprinson and Coulon report that etha- 
nolamine-2-C" is not a specific precursor of the polar moiety of sphingosine 
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and that the most direct precursor for this group of those tested was serine, 
which was tagged with C™ at carbon 3 and with N'. It is of particular 
importance to note that the 8-carbon and the nitrogen atom of serine were 
incorporated into the polar fraction of sphingosine in a ratio close to 1, 
suggesting that the serine molecule takes part in the biosynthetic reaction. 
The evidence offered by Sprinson and Coulon and the results obtained in 
this laboratory support the conclusion that sphingosine carbon is derived 
from a 16-carbon fatty acid-like intermediate and the a- and 6-carbon 
atoms of serine. 


The authors are indebted to Miss Aniko Gaal for expert technical as- 
sistance. 


SUMMARY 


Acetate-2-C", formate-C', and ethanolamine-! ,2-C™ were administered 
to groups of weanling rats. The distribution of the label in sphingosine 
derived from each labeled compound was determined by degradation of the 
pure dihydrosphingosine derivative. The relative amounts of the tracer 
in dihydrosphingosine derived from acetate showed a pattern to be ex- 
pected if palmityl or 2-hexadecenyl coenzyme A was a precursor.  For- 
mate was found to label carbon atom 1 of dihydrosphingosine almost ex- 
clusively. Ethanolamine is not a specific precursor. These results lead 
to the conclusion that sphingosine carbon originates from a 16-carbon fatty 
acid-like intermediate and the a- and 8-carbon atoms of serine. 
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DEMONSTRATION OF ORNITHINE IN GELATIN 
BY ION EXCHANGE CHROMATOGRAPHY 


By PAUL B. HAMILTON anno ROBERTA A. ANDERSON 


(From the Alfred I. du Pont Institute of The Nemours Foundation, 
Wilmington, Delaware) 


(Received for publication, June 1, 1954) 


Mild alkaline treatment partially degrades the guanidino group of argi- 
nine with the formation of ammonia and citrulline (1) and more vigorous 
treatment yields ammonia, urea, and ornithine (2-5). It could be as- 
sumed, therefore, that gelatin would contain some ornithine formed from 
arginine during the immersion of calf skins and demineralized bone tissue 
in calcium hydroxide suspension at 18.5° for 5 to 6 weeks in the course of 
the commercial manufacture of gelatin. It is well known that ammonia 
and urea are produced during this liming process. Bowes and Kenton 
(6) inferred that ornithine might be present in collagen treated with alkali 
at pH 13 for 14 days at 20°, for they found that these conditions were 
attended by liberation of ammonia, a loss of approximately 4 per cent 
of the arginine, a small increase of amino nitrogen, and the production 
of a small amount of urea. These authors concluded that the ammonia 
was derived mainly from amide groups and that the loss of arginine was 
due to the formation of small amounts of citrulline and ornithine; the for- 
mation of ornithine was considered negligible. 

After examining the basic amino acid composition of some proteins by 
separation on 0.9 K 15 em. columns of Dowex 50, it was found necessary to 
change the pH, concentration, and sequence of some of the eluent buffers 
described by Moore and Stein (7) to give a more satisfactory resolution 
of histidine from hydroxylysine and particularly of ornithine from lysine. 
With this improved resolution, it became of interest to examine acid hy- 
drolysates in the expectation of establishing the presence or absence of 
ornithine in gelatin. It was found that, depending upon its source, gelatin 
contains ornithine in variable amounts ranging from a trace to 1.8 per cent 
of the total amino acid nitrogen. Expressed as the percentage ratio of 
ornithine to total original arginine (7.e., ornithine formed plus arginine 
remaining), from a trace to 34 per cent of the arginine was degraded. Fresh 
skin or bone proteins did not contain ornithine as a normal constituent, 
but this substance was readily demonstrated after the proteins had been 
subjected to processing in alkali. <A trace of citrulline was encountered 
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in only one of the gelatin hydrolysates examined. These findings are 
reported in the present paper.! 

Preparation of Columns—Dowex 50, 8 per cent cross-linked cationic 
exchange resin (The Dow Chemical Company, Midland, Michigan), was 
sieved while wet to remove particles larger than 200 mesh, followed by 
decantation to remove particles smaller than 400 mesh, and was then pre- 
pared in the sodium form according to Moore and Stein (7). Columns 
0.9 * 15 em. were poured in a single section and jacketed for temperature 
control at 25°. Prior to introduction of the amino acid solution to be 
analyzed, the column was equilibrated with 0.1 m citrate buffer, pH 3.4 
(7). Fractions were collected on a Technicon fraction collector provided 
with a 1 ml. siphon assembly (9). The effluent was analyzed by the photo- 
metric ninhydrin method (10). 

Preparation of Buffers—The 0.1 Mm citrate buffers of pH 3.4 and 5.0 were 
prepared according to Moore and Stein (7). The 0.4 m citrate buffer, pH 
5.0, was prepared similarly. The 0.1 mM phosphate buffer, pH 7.5, was 
prepared from the sodium salts. Detergent and sequestering agents were 
added in the same proportion to both phosphate and citrate buffers. 

Preparation of Protein Hydrolysates—4.0 gm. of either gelatin or skin, 
or 15 gm. of bone chips, were hydrolyzed in 200 ml. of boiling 6 N hydro- 
chloric acid for 20 hours and filtered to remove insoluble humin. The 
hydrolysate was reduced by evaporation to about 50 ml., transferred to a 
100 ml. flask, and made to volume with 6 N hydrochloric acid; the nitrogen 
content was determined by Kjeldahl. For chromatographic analysis, 
portions of hydrolysate were evaporated to remove excess acid and the 
residue was dissolved in water, neutralized to pH 2.0 with sodium hydrox- 
ide, and diluted so that 1 ml. contained 1.8 mg. of nitrogen equivalent to 
approximately 10 mg. of protein. Calcium was removed from the bone 
hydrolysates; otherwise, poor resolution of amino acids was obtained and 
the peaks were wide and ill defined. Portions of bone hydrolysate were 
diluted 20-fold with water and the solution was neutralized with sodium 
hydroxide to pH 8.2 (glass electrode). The flocculent precipitate of cal- 
cium phosphate was removed by filtration with the aid of standard Filter- 


! Presented before the American Society of Biological Chemists, Atlantic City 
(8). 

2 Low color development was at first encountered, which was attributable to the 
high peroxide content of the methyl Cellosolve diluent for the ninhydrin solution. 
This solvent had been stored in a warm room. Redistilled solvent (2 liters) was 
kept peroxide-free on being stored in a brown bottle containing six strips of 2 « 15 
em. of zine foil previously immersed for 1 minute in acidified 5 per cent copper sulfate 
solution (11). Solvent stored in brown or white bottles with zinc-copper couples 
remained peroxide-free for as long as tested (4 months) even at room temperature 
and when exposed to sunlight. 
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cel (Johns-Manville, Philadelphia, Pennsylvania). The precipitate was 
washed with water until 1 ml. of effluent gave a blank value on being tested 
with ninhydrin. The combined filtrate and washings were evaporated to 
dryness, 10 ml. of concentrated hydrochloric acid were added to the residue, 
and the insoluble sodium chloride was removed. ‘The filtrate was evap- 
orated to dryness, and the residue was dissolved in water, neutralized to 
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Fic. 1. Resolution of basic amino acids on a column of Dowex 50, 0.9 K 15 em., 
in the sodium form with pH and sequence of eluent buffers as indicated. The column 
was jacketed at 25°. The dotted peak at Fraction 40 indicates the position occupied 
by histidine when phosphate at pH 7.5 is introduced at Fraction 25 for twenty frac- 
tions. 


pH 2.0, and made to a volume so that 1 ml. contained the amino acids 
from 10 mg. of protein. 

Operation of Columns—2 ml. of amino acid solution were washed into 
the column with two | ml. portions of 0.1 Mm citrate, pH 5.0. Develop- 
ment was continued with the same solution. At Fraction 150, the eluent 
solution was changed to 0.4 M citrate, pH 5.0. To elute histidine, the 0.1 
M citrate buffer was interrupted at a convenient point and phosphate buf- 
fer, pH 7.5, was substituted as eluent for twenty fractions. This technique 
offers some advantages over the buffer sequence of Moore and Stein (7). 
At pH 5.0, hydroxylysine, ornithine, and lysine are well resolved, whereas 
at pH 6.8 ornithine and lysine emerge together and histidine and hydrox- 
ylysine may be resolved poorly or not at all. Ammonia and arginine 
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are well resolved by 0.4 M citrate and are eluted more rapidly than by 0.2 
M citrate, pH 6.8. Histidine may be eluted by phosphate at pH 7.5 at 
practically any position on the chromatogram without appreciably altering 
the position of the other amino acids. If recoveries approximating 100 
per cent are desired, introduction of phosphate, pH 7.5, at Fraction 25 for 
twenty fractions places histidine between phenylalanine and hydroxylysine 
as shown by the dotted peak in Fig. 1. In the present work, histidine was 
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Fic. 2. Chromatogram of the gelatin first extracted by hot water from the residue 
of ox bone chips after they have been demineralized with 5 per cent hydrochloric 
acid and digested for 6 weeks in an aqueous suspension of calcium hydroxide at 18.5°. 


eluted after lysine as a matter of convenience, but the recoveries were in- 
variably low. In our experience, histidine is more susceptible than other 
amino acids to destruction on the column at any pH with time. <A typical 
chromatogram of a test amino acid mixture is shown in Fig. 1, where it 
can be noted that the entire chromatogram takes very little more than 
the 200 fractions of the original procedure (7). 

Analysis of Protein Hydrolysates—Chromatograms of hydrolysates of 
bone chips, or hydrolysates of the protein residue of bone chips after de- 
mineralization with 5 per cent hydrochloric acid, showed no peak ahead of 
lysine in the position occupied by ornithine. Chromatograms of the res- 
idue from bone chips after demineralization with acid and digestion for 6 
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weeks in saturated calcium hydroxide solution at 18.5° exhibited a small 
peak ahead of lysine. This peak was also present in the gelatin extracted 
by hot water from the demineralized limed material and in the insoluble 
residue which remained after removal of the gelatin.? Identification of 
this peak as ornithine was made by its position on the chromatogram and 
by the colorimetric ninhydrin procedure of Chinard (12). The chromato- 
gram of gelatin (Kind and Knox Gelatine Company, Camden, New Jersey) 
made from bone chips is shown in Fig. 2; that of a calf skin gelatin (Eastman 


Monoamino mono - 
Carboxylic Acids 
a 
E 4 Ornithine Arginine 
0.30- 
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Hydroxylysine 
=< 0.10 : 3 
5.0 pH 5.0 > 
Effluent /cc. 


Fig. 3. Chromatogram of calf skin gelatin (Eastman Kodak Company, Rochester, 
New York). The large amount of ornithine is probably due to the greatly increased 
digestion time (4 to 8 months) in calcium hydroxide suspension usually employed for 
calf skin. 


Kodak Company, Rochester, New York) is presented in Fig. 3. The 
greater amount of ornithine in this latter gelatin can most probably be 
accounted for by the longer time of digestion of calf skins in lime which is 
usually 10 to 12 weeks and often 4 to 8 months. 

Ornithine rather than citrulline appears to be the major amino acid deg- 


3 The authors are greatly indebted to Dr. T. B. Downey of the Kind and Knox 
Uciatine Company, Camden, New Jersey, for samples of bone chips, bone demin- 
eralized by 5 per cent hydrochloric acid, demineralized limed bone, gelatin, and 
“cook pan’’ residue, representing all stages in the manufacture of gelatin from bones. 
As well, the authors are indebted to him for generous samples of pork skin and calf 
skin gelatin and acknowledge his help and interest. 
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radation product of arginine, for the Fearon diacetylmonoxime reaction 
for citrulline, as modified by Archibald (13), was negative for all hydrol- 
ysates except the calf skin gelatin (see Table I) which contained little more 
than trace amounts. The sum of ornithine plus arginine, therefore, repre- 
sents the total arginine originally present in the protein, and the molar 


TaBLe I 
Analysis of Protein Hydrolysates 


| | Ornithine 
Hydrolysate of Ornithine Arginine* | Ornithine+ arginine 
| x 100 
uM | uM per cent 
1. Ox bone chips (cortical) fT. 0 | 10 | 0 
2. (1) demineralized in 5% hydrochloric | | 
0 | 10 0 
3. (1) demineralized and limed 5-6 wks.f. . 0.19 | 10 2 
4. Gelatin extracted from (3)f............. 0.16 | 10 2 
5. Residue from (3) after extraction of (4)f. 0.25 | 10 2.5 
7. Calf skin gelatin limed 4-8 mos.§....... 5.1 | 10 34 
8. Foam-compressed gelatin, limed 10-20 | 
0 | 10 0 
10. Human cortical bone (humerus)||. 0 | 10 0 
10 0 
13. articular cartilage7................ 10 0 


* All values computed to the arginine content in 20 mg. of gelatin (13). 

+t Kind and Knox Gelatine Company, Camden, New Jersey. 

t Nutritional Biochemicals Corporation, Cleveland, Ohio. 

§ Eastman Kodak Company, Rochester, New York. Citrulline was detected in 
calf skin gelatin in amounts less than 0.3 percent of ornithine + arginine. A chro- 
matogram of this gelatin is shown in Fig. 3. 

|| Operating room specimen. 

Slaughter-house. 


ratio of (ornithine) to (ornithine + arginine) X 100 indicates the percent- 
age of arginine converted to ornithine. Chromatograms of human cortical 
bone (humerus), beef articular cartilage, beef tendon, beef skin, pork skin, 
and pork skin gelatin did not show the presence of ornithine. A summary 
of the findings is given in Table I. 

It can also be inferred that a loss of arginine would disturb its quanti- 
tative relationship with other amino acids, e.g. lysine. The molar ratio of 
arginine to lysine computed from the data quoted by Tristram (14) for 
gelatin was 1.56. We have found that all collagenous proteins investigated 
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which contained little or no ornithine had a comparable or even higher 
ratio. For the calf skin gelatin (Fig. 3), the ratio of arginine to lysine was 
much lower, 1.05, but, in accordance with the assumption that ornithine 
gain is equivalent to arginine loss, the ratio of ornithine + arginine to 
lysine was 1.59. 


DISCUSSION 


These findings indicate that ornithine is not a normal constituent of the 
collagenous proteins examined but was demonstrable in those proteins 
that had been limed, and, the longer the time in alkali, the greater the 
amount of ornithine. Since the amount of citrulline found was negligible, 
the conclusion that alkaline degradation of the guanidino group of arginine 
leads mainly to ornithine seems justified. 

Since ornithine appears to be an artifact in gelatin, there is no need to 
attach significance to it with respect to protein structure. It would be 
anticipated, however, that the isoelectric point of gelatin would be shifted 
somewhat to the acid side because of the formation of the weaker 6-amino 
groups of ornithine from the more strongly basic guanidino groups of argi- 
nine. As well, some caution in interpreting analytical values of amino 
acids in gelatin is necessary; arginine may be unexpectedly low and lysine 
high unless care is exercised in separating ornithine. Also, care in select- 
ing gelatin as a growth medium would be necessary when an ornithine-free 
medium was desired. 

Attention should be drawn to the slightly skewed hydroxylysine peak 
especially that shown in Fig. 3. This finding has been partially explained 
by Piez (15) as a separation of hydroxylysine from allohydroxylysine and 
has been more fully investigated by work from this laboratory.‘ 


SUMMARY 


1. The chromatographic resolution of basic amino acids on 0.9 & 15 em. 
columns of sodium Dowex 50 as described by Moore and Stein (7) was 
modified to give a more satisfactory separation of histidine from hydrox- 
ylysine and particularly of ornithine from lysine. 

2. With the improved procedure, ornithine was found among the amino 
acid constituents of some of the gelatins investigated. It was concluded 
that ornithine was formed by alkaline degradation of arginine during the 
immersion in calcium hydroxide suspension for 5 or more weeks, part of 
the manufacturing process of gelatin. Ornithine was therefore present as 
an artifact. Gelatin from source material that was not soaked in lime 
suspension or other alkali, 7.e. pork skin, did not contain ornithine. Larger 
amounts of ornithine were associated with longer times of liming. 


* Hamilton, P. B., and Anderson, R. A., in preparation. 
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3. Ornithine appears to be the major degradation product of arginine. 
The other degradation product expected, namely citrulline, was found in 
little more than a trace in only one gelatin hydrolysate examined. 

4. Since ornithine and not citrulline is formed from arginine, the ratio 
of (ornithine) to (ornithine + arginine) X 100 represents percentage deg- 
radation of arginine. It ranged from less than 0.1 to 34 per cent in the 
gelatins examined. 


The authors wish to acknowledge with grateful thanks the continued 
help and interest of Dr. 8S. Moore and Dr. W. H. Stein of The Rockefeller 
Institute for Medical Research, New York. 


BIBLIOGRAPHY 


. Fox, 8. W., J. Biol. Chem., 123, 687 (1938). 

. Van Slyke, D. D., J. Biol. Chem., 10, 15 (1911-12). 

. Plimmer, R. H. A., Biochem. J., 10, 115 (1916). 

. Boon, W. R., and Robson, W., Biochem. J., 29, 2684 (1935). 

. Hamilton, P. B., and Anderson, R. A., Biochem. Preparations, 3, 96 (1953). 
. Bowes, J. H., and Kenton, R. H., Biochem. J., 48, 365 (1948). 

. Moore, 8., and Stein, W. H., J. Biol. Chem., 192, 663 (1951). 

. Hamilton, P. B., and Anderson, R. A., Federation Proc., 13, 224 (1954). 
9. Hamilton, P. B., Anal. Chem., in press. 

10. Moore, 8., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 

11. Muers, M. M., and House, M. A., Analyst, 74, 85 (1949). 

12. Chinard, F. P., J. Biol. Chem., 199, 91 (1952). 

13. Archibald, R. M., J. Biol. Chem., 166, 121 (1944). 

14. Tristram, G. R., Advances in Protein Chem., 5, 83 (1949). 

15. Piez, K. A., J. Biol. Chem., 207, 77 (1954). 


WN 


| 

| 
| 
| 


PHOSPHORUS METABOLISM IN UNSATURATED FATTY 
ACID-DEFICIENT RATS* 


By PETER D. KLEINT ann RALPH M. JOHNSON 


(From the Detroit Institute of Cancer Research and the Department of Physiological 
Chemistry, Wayne University College of Medicine, Detroit, Michigan) 


(Received for publication, February 23, 1954) 


The gross symptoms of essential fatty acid deficiency have been known 
for more than 20 years (1-3), but the origin of the increased metabolic 
rate, increased water consumption, and eventual growth failure which 
characterize the syndrome have not been traced to a particular area of 
intermediary metabolism. An involvement of oxidative processes with 
unsaturated fatty acid deficiency has been shown by Kunkel and Williams 
(4) who reported an increased cytochrome oxidase activity in livers from 
fat-deficient rats. 

An attempt has been made in the present study to investigate further 
the aspects of metabolism which are dependent upon the unsaturated fatty 
acids for their proper function. Measurements of radioactive phosphorus 
(P*?) uptake suggested that in a fat deficiency there was an altered phos- 
phorus (P) metabolism associated with either glycolytic or respiratory 
mechanisms. Studies carried out in vitro showed that the deficiency re- 
sults in a decreased esterification of high energy phosphate during the 
oxidation of some of the tricarboxylic acid cycle intermediates. This de- 
creased esterification has been localized at or about the level of electron 
transport concerned with diphosphopyridine nucleotide (DPN). 


EXPERIMENTAL 


Male Holtzman rats were weaned at 18 days of age and immediately 
given either a fat-deficient diet (5) or a similar diet in which corn oil was 
substituted for an equal amount of carbohydrate at a level of 5 per cent. 
14 weeks later, when the animals receiving the fat-deficient diet displayed 


* Supported in part by grant No. C-928C from the National Cancer Institute of 
the National Institutes of Health, United States Public Health Service, and in part 
by institutional grants to the Detroit Institute of Cancer Research from the Ameri- 
can Cancer Society, Inc., the American Cancer Society, Southeastern Michigan 
Division, and the Kresge Foundation. 

Presented in part before the Forty-fifth annual meeting of the American Society 
of Biological Chemists, Atlantie City, New Jersey, April, 1954. 

{+ The data in this paper have been taken from a dissertation submitted by Peter 
D. Klein for the degree of Doctor of Philosophy, Wayne University, February, 1954. 
Present address, Argonne National Laboratory, Lemont, Lllinois. 
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the gross symptoms of a fat deficiency, four animals were selected from each 
group, and each rat was given a single subcutaneous injection of 0.45 we. 


per gm. of body weight of radioactive P' as NasHP®O,. 4 hours later the 


animals were killed, and the livers were excised, pulped, and fractionated 
into acid-soluble inorganic and organic P, phospholipide, phosphoprotein, 
and desoxypentose (DNA) and pentose (PNA) nucleic acid fractions. The 
fractionation methods used, as well as the assays for total P, P®, and ni- 
trogen, have been described elsewhere (6). 


TaBLe I 
P® Uptake in Livers of Normal and Fat-Deficient Rats 
The figures are in counts per minute per microgram of phosphorus. 


Fraction | Control | Fat-deficient 


After 240 min. 


Acid-soluble 347 


+ | + 

ne Sener | 283 + 17 | 211 + 2 
ae | 102 + 5 | 121 + 15 
| 19 + 9 | 146 + 12 
| 8.4 | 8.4 

After 75 min. 

Acid-soluble inorganic.............. 740 + 40 | 685 + 50 

organic. ._. 435 + 14 379 10f 


— 


* These figures are mean values and standard errors of the means. 

+t This value differs from the control at a significance level of P = 0.02. 

No differences were found between the normal and fat-deficient animals 
in the uptake of P® in either the phosphoprotein, phospholipide, DNA, or 
PNA fractions (Table I). After 4 hours the uptake of P® in the acid- 
soluble fractions had passed its maximal activity (7). For this reason it 
was not possible to determine whether the decreased specific activity found 
in the acid-soluble organic fraction of the fat-deficient livers was due to 
differences in the rate of incorporation of P® into this fraction or to other 
factors. Therefore, the experiment was repeated, with injections of sim- 
ilar doses of radioactivity, and the animals were killed 75 minutes later. 
This incubation period has been shown to coincide with the maximal rate 
of incorporation of P® into the acid-soluble inorganic P fraction and to 


! Radioactive phosphorus was furnished by the Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 
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precede the time of maximal P* incorporation into the acid-soluble organic 
P fraction (7). In this experiment no significant difference was found in 
the specific activities of the liver acid-soluble inorganic P of either dietary 
group. The specific activity of the acid-soluble organic P obtained from 
the fat-deficient animals, however, was significantly lower than that from 
the normal rats (Table I). 

The decrease in the uptake of P® by the acid-soluble organic P com- 
pounds suggested an impairment of either the glycolytic or oxidative phos- 
phorylation system, since the phosphorylated compounds in these two 
systems probably comprise the major portion of the acid-soluble organic P 
fraction. To investigate this further, a study in vitro was made of gly- 
colysis in the livers of both the control and fat-deficient rats. Animals 
were used that had received the diets for 14 weeks or longer. Following an 
18 hour fast, they were stunned by a blow on the head and exsanguinated. 
The livers were excised, and a weighed portion of each was homogenized 
in 10 volumes of 0.154 m KCl. The homogenates were incubated in the 
medium described by LePage (8) for 40 minutes at 30° under either anaer- 
obic (5 per cent CO,.-95 per cent Ne) or aerobic (air) conditions. The 
flask contents were deproteinized with trichloroacetic acid (TCA) at a 
final concentration of 5 per cent, chilled, and centrifuged. Aliquots of the 
supernatant fluids were taken for P (9), glucose (10), and lactic acid (11) 
determinations. 

Differences in anaerobic glycolysis were not found between the normal 
and fat-deficient rat liver homogenates (Table II). Comparable amounts 
of P were esterified; slightly more glucose was utilized by the fat-deficient 
livers, and similar amounts of lactic acid were produced. In contrast, 
under aerobic conditions, the normal livers esterified significantly more P 
during the utilization of smaller amounts of glucose than did the fat-de- 
ficient livers. In relation to the amounts of glucose which disappeared 
from the flasks during incubation with the fat-deficient livers, smaller 
amounts of lactic acid accumulated. This is reflected in the lowered lactic 
acid-glucose ratios (Table II). 

The similarity of the two groups with respect to anaerobic glycolysis 
and the dissimilarity with respect to aerobic glycolysis prompted a study of 
phosphorylation coincident with oxidation of intermediates of the Krebs 
cycle. A mitochondrial preparation was used as the enzyme source. It 
was obtained from livers of both the normal and the fat-deficient rats, 
according to the procedure previously described (12), modified in that the 
initial homogenization was carried out in 8.5 per cent sucrose which 
contained 0.0035 m ethylenediaminetetraacetic acid (Versene) as recom- 
mended by Slater and Cleland (13). The system used to measure oxidative 
phosphorylation was that of Lardy and Wellman (14). The incubation 
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medium contained 21 um of substrate, 15 um of MgSO,4, 0.022 uo of cyto- 
chrome c, 3.5 um of adenosinetriphosphate (ATP), 40 um fluoride, and 
30 um of potassium phosphate buffer, pH 7.4. The mitochondrial suspen- 
sion added (0.5 ml. in 8.5 per cent sucrose) to each flask was equivalent to 
250 mg. of original tissue and contained approximately | mg. of nitrogen. 
The phosphate acceptor system (1 mg. of lyophilized hexokinase (Pabst) 
in 0.1 ml. of 7 per cent glucose) was placed in the side arm. Following an 
equilibration period of 5 minutes in the Warburg bath at 30°, the contents 
of the side arms were dumped, the manometers closed, and the zero time 
flasks removed for analysis. All zero time and experimental flasks were 
run in duplicate or triplicate. P uptake was calculated as the difference in 


II 
Glycolysis in Normal and Fat-Deficient Rat Livers 


The values are averages in micromoles of phosphorus esterified, glucose con- 
sumed, and lactic acid produced per 50 mg. wet weight of tissue. Time of incuba- 
tion, 40 minutes; conditions as described in the text. 


Lactate P P 


No. of | - | 
rats | Glucose | Lactate | Giucose | Glucose | Lactate 
Anaerobic glycolysis 
3.52 | 5.37 | 5.32 | 1.03 | 0.68 | 0.64 
Fat-deficient......... 7 3.92 6.63 6.06 0.96 0.61 0.64 
Aerobic glycolysis 
Normal..............| 6 | 14.50 | 6.00 | 4.98 | 0.83 | 2.20 | 2.78 
0.60 | 0.95 


Fat-deficient......... 6 | 4.47 | 7.54 | 4.28 | 0.58 


| 


inorganic phosphorus between the zero time flasks and the corresponding 
incubated samples. The O,. consumption for the incubated flasks and the 
P uptake values were used to calculate the P:O ratios (micromoles of P 
esterified per microatom of oxygen taken up). Nitrogen was determined 
on the original mitochondrial suspension. 

The results shown in Table III are the ratios obtained, together with the 
range of values encountered. With normal rat liver mitochondria, ac- 
ceptable P:O ratios were obtained for all of the substrates tested, 7.c. 3.4 
for a-ketoglutarate, 2.4 to 2.9 for the triple esterification substrates, and 
1.8 for succinate. In contrast, with the singular exception in which suc- 
cinate is employed, the mitochondria from the fat-deficient animals failed 
to esterify as much P during the oxidation of the same substrates as did 
the normal group. It is interesting to note that there was a uniform re- 
duction in esterification of slightly more than 1 ym of phosphorus per mi- 
croatom of oxygen taken up regardless of the substrate being oxidized. 
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The oxidation of succinic acid, on the other hand, proceeded with the same 
phosphate-esterifying efficiency in both the normal and fat-deficient tissues. 

The possibility of excessive destruction of ATP by the fat-deficient 
tissues was considered. If it occurred, it might account for the differences 
observed. To test this, mitochondrial suspensions of both normal and 
fat-deficient tissues were incubated for 20 minutes in the absence of sub- 
strate and in the presence of 10 um of ATP and the medium described above. 
No liberation of phosphate took place in the presence of normal mitochon- 
dria, while fat-deficient mitochondria liberated 0.6 um of phosphate. This 


III 
Oxidative Phosphorylation by Normal and Fat-Deficient Rat Liver Mitochondria 


The values are averages for all experiments. The ranges are shown in the paren- 
theses. 1 mg. of N added to each flask. 


i 
Substrate | yng | AP | AO | P:O 
Normal mitochondria 
microatoms 
a-Ketoglutarate + malonate... .... 14.7 3.9 3.4 (2.9-3.9) 
Glutamate + malonate............ S 10.9 3.5 2.7 (2.3-3.3) 
B-Hydroxybutyrate................ 7 12.3 4.9 2.4 (2.2-3.0) 
4 7.5 2.3 2.9 (2.3-3.3) 
4 25.9 13.8 1.8 (1.52.0) 
Fat-deficient mitochondria 
a-Ketoglutarate + malonate....... | 8 12.3 5.1 2.3 (1.9-2.8) 
Glutamate + malonate............ | 6 7.9 3.9 2.0 (1.4-2.3) 
5 4.1 1.6 (1.42.1) 
4 25.3 13.8 1.8 (1.62.0) 


amount is small in comparison with the difference in the amount of phos- 
phate esterified by the two tissues in the presence of substrate (Table III). 
It therefore seems justified to attribute the results obtained with the fat- 
deficient tissues to a true uncoupled oxidative phosphorylation, not an 
“apparent uncoupling” due to ““ATPase’”’ activity. 

The differences observed between the two tissues in the P:O ratios ob- 
tained during the oxidation of a-ketoglutarate, 6-hydroxybutyrate, gluta- 
mate, or malate on the one hand, and succinate on the other, suggested 
that the uncoupling might be restricted to the DPN-linked portion of the 
electron transport system. The work of Copenhaver and Lardy (15) in- 
dicates that ferricyanide will accept electrons at a point distal to the ox- 
idation of DPN. Hunter and Spector (16) have reported that, when 
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tissue preparations oxidize a-ketoglutarate in the presence of oxygen and 
dinitrophenol, the phosphorylation which is insensitive to dinitrophenol 
is that coupled to substrate oxidation; 7.e., it occurs below the point of 
electron transfer by DPN. Based upon the results of these workers, ex- 
periments were next run to determine the effects of ferricyanide and di- 
nitrophenol on oxidative phosphorylation, with tissues from both fat-de- 
ficient and normal rats.2 In the presence of ferricyanide the fat-deficient 


Tasie IV 
Phosphorylation Accompanying Oxidation of a-Ketoglutarate by Normal and 
Fat-Deficient Rat Liver Mitochondria 
The values are averages for all experiments. The ranges are shown in the paren- 
theses. 1.3 mg. of N added to each flask. 


Group (4 rats each) | AP A2Fe(CN)e™ P:2Fe(CN).™ 
Electron acceptor, ferricvanide* 


MM uM 


klectron acceptor, oxygent 


AsO P:O 
Normal + 1 X 10°*m DNP................) 4.5 6.7 (0.3-0.9) 
Fat-deficient + 1 1.3 2.0 0.6 (0.3-0.8) 


* When ferricyanide was used, the system and analytical procedures were those 
of Copenhaver and Lardy (15); all flasks contained 0.017 m KHCO, and 50 um of 
potassium ferricyanide. The gas phase was 95 per cent N.-5 per cent CO,. The 
substrate was a-ketoglutarate. 

+t Conditions as described in the text, except that 2,4-dinitrophenol was added to 
each flask in the amounts shown. 


tissue failed to esterify as much phosphate as the normal (Table IV), in- 
dicating that the uncoupling takes place below the point at which ferricya- 
nide accepts electrons. When oxidation of a-ketoglutarate occurred in 
the presence of dinitrophenol, both normal and fat-deficient tissues were 
able to support phosphorylation to the same extent, showing that the un- 
coupling is not associated with substrate phosphorylation. 

? When these compounds were in the medium, only 1 to 5 um of phosphate were 
esterified out of a total of 30 um present, making the absolute accuracy of the values 


shown in Table [IV somewhat uncertain. The differences and similarities between 
the two tissues, however, were discernible in all cases. 
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DISCUSSION 


The original finding of a lower specific activity in the acid-soluble or- 
ganic phosphorus fraction after a P® incubation period of 75 minutes may 
be attributed, in part at least, to an uncoupling of oxidation from phos- 
phorylation by the experiments on glycolysis and oxidative phosphoryla- 
tion. No difference could be detected between the normal and fat-deficient 
groups on the basis of anaerobic glycolysis, suggesting that this pathway is 
uninfluenced by the deprivation of fat. On the other hand, the imposition 
of aerobic conditions differentiated between the two groups as did the study 
of oxidative phosphorylation. The fact that differences were found which 
depended upon the substrate being oxidized (a-ketoglutarate, 8-hydroxy- 
butyrate, or malate versus succinate) further substantiated the view that 
selective uncoupling occurs and indicated that the uncoupling may be 
specifically associated with DPN-linked dehydrogenases. The results 
obtained when ferricyanide was used as an electron acceptor strongly 
endorse this view. Copenhaver and Lardy (15) have shown that the exact 
point of interception of electrons is not certain, but, since these workers 
found a P:2Fe(CN).= ratio of 1.5 with a-ketoglutarate, it is unlikely that 
this point is any higher than the level of a flavoprotein. On the other 
hand, the experiments with dinitrophenol demonstrate that it does not 
occur prior to the electron acceptance by DPN, since the substrate phos- 
phorylation is intact. Preliminary analyses of the DPN content and 
DPN-cytochrome reductase activity of the fat-deficient and normal tissues 
have shown no differences which could account for this uncoupling. 

The existence of an uncoupled oxidative phosphorylation in the fat- 
deficient animals is in agreement with the observations of Burr and Beber 
(3), and those of Kunkel and Williams (4), concerning the increase in met- 
abolic rate and terminal oxidase activity. According to Lardy and Well- 
man (14, 17), the concentrations of inorganic phosphate and phosphate 
acceptors govern the rate of oxidations. Should there exist a partial abol- 
ishment of the requirements for phosphate acceptors, it would follow that 
the rates of oxidative processes would be increased. 

The wider implication of an uncoupling is seen in recent studies on hy- 
perthyroidism and x-irradiation. Both of these conditions have been 
shown to be sensitive to the nutritional history of the animals with respect 
to the unsaturated fatty acids. Greenberg (18) has reported that the 
growth stoppage of immature rats owing to the feeding of desiccated thy- 
roid was prevented by the inclusion of linoleic acid supplements and Deuel 
et al. (19) showed that the preliminary feeding of linoleic acid protected 
young rats against repeated sublethal doses of irradiation. Hoch and 
Lipmann (20) have shown that a hyperthyroid condition is accompanied 
by an uncoupled oxidative phosphorylation, while Maley and Lardy (21) 
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demonstrated this phenomenon in vitro by adding thyroxine or triiodothy- 
ronine to mitochondrial preparations. These observations, together with 
those of the present study, might be explained on the basis that fat de- 
ficiency, hyperthyroidism, and x-irradiation have in common the destruc- 
tion of a labile component of the electron transport system which is de- 
pendent upon the unsaturated fatty acids for its integrity. 


SUMMARY 


Measurements of P* uptake in livers of rats fed control and fat-deficient 
diets revealed that there was a decreased uptake of P® by the acid-soluble 
organic P fraction in fat deficiency. This appears to be related to a dissoci- 
ation of oxidation from phosphorylation accompanying the oxidation of 
intermediates of the Krebs cycle by the DPN-linked dehydrogenases. No 
differences were found between the normal and fat-deficient groups with 
respect. to their anaerobic glycolytic ability, suggesting that the defect is 
restricted to oxidative phosphorylation. 

On the basis of studies described it is suggested that the uncoupling of 
oxidative phosphorylation found in unsaturated fatty acid deficiency is of 
a restricted type, concerned with a particular member of the electron trans- 
port system, at or near the level of DPN reduction and oxidation. 
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BIOSYNTHESIS OF RIBOFLAVIN* 
If. INCORPORATION OF C¥-LABELED COMPOUNDS INTO RING A 


By G. W. E. PLAUT 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 24, 1954) 


In a previous communication, the incorporation of radioactivity from 
various labeled organic compounds into the carbons of rings B and C of 
riboflavin was described. It was observed in these studies that, when 
labeled acetate or glucose was added to growing cultures of A shbya gossypii, 
the degradation product closely corresponding to the aromatic ring portion 
of riboflavin, \-methyl-4 ,5-dimethyl-o-phenylenediamine, contained 40 
to 60 per cent of the radioactivity of the molecule (Table II of Plaut (1)). 
In view of the considerable activity of this moiety it was of interest to 
determine the pattern of isotope distribution. Therefore, methods were 
developed for the symmetrical degradation of ring A. 


EXPERIMENTAL 


Isotopically labeled compounds! were added to growing cultures of A. 
gossypii, and riboflavin was isolated from the incubation mixture as pre- 
viously described (1). 

Degradation for C-Methyl Groups and Carbons 6 + 7—Riboflavin was 
converted to lumiflavin (2). C-Methyl groups and their adjacent carbons 
(6 + 7) were converted to acetic acid by oxidation of lumiflavin with dilute 
chromic acid according to Kuhn and Roth (3). The distillate containing 
acetic acid obtained by this procedure was acidified with sulfuric acid and 
submitted to continuous ether extraction for 24 hours. The resulting 
ether solution was dried with anhydrous calcium sulfate and concentrated 
to about 3 ml.; 2 ml. of isopropy!] ether were added and the rest of the ethyl 
ether was removed. 50 mg. of bis(p-dimethylaminophenyl)urea in 1 ml. 


* This work was presented in part before the American Chemical Society at Chi- 
cago, September, 1953, and the American Society of Biological Chemists at Atlantic 
City, April, 1954. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation and in part by a research grant (No. H-1279) from the National Heart 
Institute, National Institutes of Health, United States Public Health Service. This 
work was done during the tenure of an Established Investigatorship of the American 
Heart Association. 

! Glucose-1-C™ and glucose-6-C™ were obtained from Dr. Horace Isbell, National 
Bureau of Standards. C' compounds were obtained on allocation from the United 
States Atomic Energy Commission. 
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of isopropyl ether were added to this solution and the mixture was re- 
fluxed for 0.5 hour. Upon being cooled, acetyl bis(p-dimethylamino- 
pheny])ureide, m.p. 151°, separated (4). Acetic acid was regenerated from 
this derivative by saponification with 85 per cent phosphoric acid (5). 
Acetic acid was degraded further by the method of Phares (6). 


Initially both N-methyl-4,5-dimethyl-o-phenylenediamine and lumi-. 


flavin prepared from the same radioactive riboflavin sample were used as 
starting materials for this degradation. Since the results obtained were in 
agreement, the rest of the chromic acid oxidations were carried out only 
on lumiflavin. When synthetic 9-methylisoalloxazine instead of 6,7,9- 
trimethylisoalloxazine was treated by the Kuhn-Roth method, no acetic 
acid was formed. 


homie 2 COOH 


CH, 


2CH, NH, + 2 CO, 


C-METHYL 
GROUPS 


Fig. 1. Degradation for C-methy] groups and carbons 6 + 7 


The method of degradation is summarized in Fig. 1. 

Degradation for Carbons 5 + 8 and Carbons 8a + 10a—Riboflavin was 
converted to N-methyl-4,5-dimethyl-o-phenylenediamine (1). 50 mg. 
of the amine hydrochloride and 24 mg. of sodium bisulfite were dissolved in 
4 ml. of 0.223 m acetic acid at 0°. 77 mg. of sodium nitrite in 3 ml. of 
water were added to the stirred chilled solution over a period of 1 hour. 
The reaction was left at 0° for 3 hours. At the end of this time the 1,5,6- 
trimethylbenzotriazole was filtered and dried in vacuo at 50°. The com- 
pound was recrystallized from water, m.p. 136—137°. About 10 mg. of 
the labeled benzotriazole thus obtained were diluted with the synthetic 
compound? to a final weight of 50 mg. and 9.5 ml. of water were added. 
The reaction vessel was immersed in a boiling water bath and 0.554 gm. of 
K MnO, in 2.5 ml. of water was added over a period of 30 minutes. Heat- 
ing was continued for an additional 8 hours. 0.5 to 1.0 ml. of methanol 


* Plaut, G. W. E., to be published. 


cH | 
| 
ae 
AV 
| 
} 
O 
| 
t 
t 


G. W. E. PLAUT 113 


was then added to destroy excess permanganate. The manganese dioxide 
formed was separated and the filtrate was adjusted to pH 2.5 to 3.0 with 
nitric acid; 25 per cent silver nitrate was then added dropwise till precip- 
itation was complete. The silver salt was filtered and washed free of ex- 
cess acid with water. It was then suspended in 5 ml. of water and treated 
with hydrogen sulfide. Silver sulfide was removed and the filtrate was 
concentrated to dryness in vacuo at 50°. The residue was crystallized from 
n-butanol, m.p. 175-176° (decomposition). There was no depression of 
melting point when 1-methyltriazole-4 ,5-dicarboxylic acid made from 
| ,5,6-trimethylbenzotriazole was mixed with a sample of this acid pre- 


NH 


78 
RE 60° IIHRS: CHa 


Ors GH; 
BHRS 


Hoge / (AuClz DOUBLE SALT) 
+ 


Fig. 2. Degradation for carbons 5 + 8 and 8a + 10a 


pared from 1-methylbenzotriazole.2. Dried dicarboxylic acid was placed 
into a Hickman molecular still fitted with a gas inlet and outlet tube. <A 
slow stream of CQO,-free nitrogen was passed through the apparatus. The 
still pot was heated to 180—-210° over a period of 1.5 hours. Carbon di- 
oxide, formed from the carboxyl groups (carbons 5 + 8), was swept by the 
nitrogen stream into barium hydroxide solution; the residual 1-methyl- 
triazole distilled to the condenser. At the end of the heating period, the 
triazole on the condenser was taken up in hot water and converted to the 
gold chloride double salt (7), m.p. 160° (carbons 8a + 10a + 1’). Values 
for carbons 8a + 10a only were calculated by subtracting the specific ac- 
tivity of the N-methyl group (carbon 1’) from that of methyltriazole. 
The degradation procedure has been schematically represented in Fig. 2. 


*Plaut, G. W. E., and Broberg, P. L., to be published. 
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Results 


When carboxyl-labeled acetic acid was used as the precursor compound, 
about 90 per cent of the radioactivity of the o-xylene portion of riboflavin 


TABLE I 
Distribution of Label in Ring A 
7S 
Totally | Giucose-1- |Glucose-1- | Glucose- 
316 490 157 148 600 519 
N-Methylphenylenediamine frag- 
172 218 123 110 485 324 
N-Methyl group (carbon 1’)..... 4t 5 15 29 126 8 
o-Xylene portion§............. 168 213 108 81 359 316 
C-Methyl groups................. 8 71 19 41 133 109 
77 36 20 4 12 2 
eae 8 63 52 181 196 
Carbons 8a + 10a]|.............. 73 33 \t 2t 5 


All figures refer to counts per minute per millimole X 107°. 

*3 hours of contact time with radioactive compound; all other samples were 
incubated for 6 hours. 

t N-Methyl-4,5-dimethyl-o-phenylenediamine or 1,5,6-trimethylbenzotriazole. 

t Statistical significance of the count questionable. 

§ V-Methylphenylenediamine fragment less carbon 1’. 

|| N-Methyltriazole less carbon 1’ = carbons 8a + 10a. 


H 


3 


Cust 


GLUCOSE-I-C'* OR 
GLUCOSE-6-C'4 

Fic. 3. Schematic representation of the principal incorporation of CH;C“OOH, 
glucose-1-C'*, and glucose-6-C"™ into ring A. 


was found in carbons 6 + 7 and 8a + 10a, while only about 10 per cent was 
in the C-methyl groups and carbons 5 + 8. Conversely, when glucose- 
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1-C™ or glucose-6-C™ was employed, 83 to 96 per cent of the radioactivity 
of ring A was located in the methyl groups and positions 5 + 8, while 2 to 
6 per cent of the activity was found in carbons 6 + 7 and carbons 8a + 
10a. The results were not as decisive when methyl-labeled acetate was 
used, since considerable activity appeared in all positions of the aromatic 
ring. Nevertheless, about twice as much C™ was found in the methyl 
groups and in carbons 5 + 8 as compared to carbons 6 + 7 and 8a + 10a, 
respectively. The pertinent data are summarized in Table I and sche- 
matically represented in Fig. 3. 


DISCUSSION 


Results obtained from the degradation procedure reveal that the label 
pattern is the same when radioactivity is incorporated from either glucose- 
1-C™ or glucose-6-C".4 This suggests the possibility that both ends of the 
glucose molecule may yield similar fragments which are employed to build 
ring A. If it should be found with other methods that ring A is symmetri- 
cally labeled, it would be tempting to speculate that the basic building blocks 
are 2-carbon fragments. The distribution of radioactivity from CH;C"- 
OOH would be in agreement with this possibility. However, results with 
C4H;COOH do not lend themselves to such a simple interpretation, since 
considerable activity was detected in all fractions. Nevertheless, even in 
this case the incorporation was twice as great in the methyl groups and 
carbons 5 + 8 as in carbons 6 + 7 and carbons 8a + 10a. It might 
be reasoned that the more diffuse label distribution with C“H;COOH is 
caused by passage of part of this compound through the Krebs cycle, re- 
sulting in the more random distribution of C™ of acetate of the pool. It is 
known that the citric acid cycle cannot cause such a reallocation of the 
label of CH;C“OOH (8). Since the distribution of isotope from glucose- 
1-C™ and glucose-6-C"™ in the ring was rather specific, while that from 
C4H;COOH was much more random, it seems unlikely that 2-carbon frag- 
ments which might form from the carbon 1 + 2 and 5 + 6 portions of glu- 
cose pass through an acetate pool. 

The structural similarity between the aromatic rings of riboflavin and 
vitamin By became apparent when Brink and Folkers (9) identified 5,6- 
dimethylbenzimidazole as one of the degradation products of vitamin By. 
Woolley (10-12) has presented evidence to indicate that 4,5-dimethyl- 
o-phenylenediamine is a metabolic precursor for both of these vitamins in 


‘In view of the complex nature of the growth medium it has not been profitable 
to determine the degree of incorporation of the carbons of glucose into the o-xyvlene 
moiety. Nevertheless, it has been possible at least to compare the relative incorpo- 
ration of C'4 from glucose-1-C'™ and glucose-6-C' into this portion of the molecule 
under identical conditions. In a single experiment of this nature twice as much 
radioactivity was obtained in ring A with glucose-6-C' as with glucose-1-C". 
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certain organisms. It is impossible to decide from present information in 
what manner the nitrogens of the aromatic and the purine-like portions of 
the riboflavin ring system are joined metabolically. However, evidence 
was presented previously that at least one of the nitrogens of ring B, as 
well as their adjacent carbons (4a and 9a), are derived from glycine (1). 

It is conceivable that the pattern of isotope incorporation into the o- 
xylene moiety of riboflavin found with A. gossypii also holds for the cor- 
responding molecular portion of vitamin By. 


SUMMARY 


Methods were developed for the chemical degradation of the aromatic 
ring portion of riboflavin. When glucose-1-C™ and glucose-6-C"™ were 
added to growing cultures of Ashbya gossypit, the principal incorporation 
of C™ into the o-xylene moiety of the vitamin was in the methyl! groups and 
carbons 5 + 8, while with CH;C™"OOH most of the radioactivity was in 
carbons 6 + 7 and carbons 8a + 10a. More random labeling of the aro- 
matic ring was obtained with C“H;COOH; however, even with this com- 
pound about twice as much radioactivity was found in the methyl groups 
and carbons 5 + 8 as compared to carbons 6 + 7 and carbons 8a + 10a, 
respectively. 

The possibility has been considered that 2-carbon fragments may be 
the basic units involved in the biosynthesis of ring A of riboflavin. 
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THE DETERMINATION OF N-METHYL-2-PYRIDONE-5- 
CARBOXAMIDE IN HUMAN URINE* 


By J. M. PRICE 


(From the Cancer Research Hospital, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, April 8, 1954) 


Since Knox and Grossman (1) demonstrated that N-methyl-2-pyridone- 
5-carboxamide (pyridone) was a metabolite of nicotinamide in man, sev- 
eral methods have been suggested for the determination of the pyridone in 
urine. Rosen, Perlzweig, and Leder (2) developed a fluorometric deter- 
mination based upon the formation of a fluorescent derivative of the ex- 
tracted pyridone. The method of Holman and De I ange (3) depends 
upon the formation of a yellow product in alkali following nitration of the 
partially purified pyridone. Knox and Pines (4) used a color reaction 
which was developed in a glycine buffer solution of the pyridone by the 
addition of ferric chloride, hydrogen peroxide, and cysteine. The appli- 
cation of these methods has shown that the chief metabolite of nicotina- 
mide in man is the pyridone (2, 3, 5, 6). 

During the course of some chromatographic studies on the urines of 
human subjects fed tryptophan, it was observed that passage of the urine 
through both an anion and a cation exchange resin removed most of the 
ultraviolet light-absorbing substances except the pyridone (7). The pres- 
ent report deals with the determination of the pyridone in urine based on 
this principle. 


Materials and Apparatus 


Ion Exchange Resins—Dowex 1 (10 per cent cross-linkage, 200 to 400 
mesh) chloride was allowed to sediment in water and the very fine and very 
coarse particles were removed by decantation. It was then converted to 
the hydroxide form by washing 750 ml. of packed resin in a column with 
24 liters of 2 N NaOH with a flow rate of 500 ml. per hour. The column 
was then washed with 5 liters of water. Fresh resin was prepared weekly 
because the hydroxide form darkened during prolonged storage. 

Dowex 50 (12 per cent cross-linkage, 200 to 400 mesh) was sedimented 
in a similar manner and 1500 ml. of packed resin in a column were washed 
with 25 liters of 8 n HCl, 12 liters of 4 Nn HCl, and finally with 10 liters of 
water at a flow rate of 750 ml. per hour. 

Reagents—N'-MethyInicotinamide, ©N-methyl-2-pyridone-5-carboxylic 


* Supported by the Damon Runyon Memorial Fund for Cancer Research, Ine. 
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acid, N-methyl-2-pyridone-3-carboxylic acid, N-methyl-2-pyridone-5-car- 
boxamide, and N-methyl-2-pyridone-3-carboxamide were prepared by the 
methods of Holman and Wiegand (8). The 4-quinolone was prepared 
according to Riegel, Albisetti, Lappin, and Baker (9), and its N-methyl 
derivative was made by the procedure of Spaéth and Kolbe (10). The 
2 ,.4-dihvdroxyquinoline was prepared according to Huntress and Born- 
stein (11). N-Methyl-4-hydroxy-2-quinolone was synthesized according 
to Lutz, Codington, Rowlett, Deinet, and Bailey (12). The melting point 
of the partially purified compound was given by Lutz et al. (12) as 252- 
262°. Our product melted at 253-259° and consisted of light brown crys- 
tals. This crude product was alternately recrystallized from methanol 
and dissolved in NasCQs; solution, followed by reprecipitation with cold 
6 N H.SO, until colorless crystals (m.p. 271—275°) were obtained. Oxindole 
was synthesized by the procedure of Heller and Heine (13). The nico- 
tinuric acid was prepared according to Rohrlich (14). Nicotinamide, nico- 
tinic acid, quinolinic acid, 2-quinolone, N-methyl-2-quinolone, N-methyl- 
2-pyridone, and trigonelline were available from commercial sources. 

Chromatography Columns—The columns were made by sealing a glass 
tube of 1.2 em. outside diameter, and 30 cm. long, to the bottom of 125 
ml. Erlenmeyer flasks. The columns were operated in groups of eight 
with air pressure distributed with a manifold. 

Spectrophotometer— A Beckman model DU spectrophotometer with 
matched quartz cells was used for reading the samples. 


EXPERIMENTAL 


Analytical Method—The urine samples were collected in bottles contain- 
ing 25 ml. of toluene, and a sample was removed and stored at 0° until 
analyzed. An aliquot consisting of 1 per cent of a 24 hour collection was 
added to duplicate 50 ml. graduated centrifuge tubes. 1 ml. of water con- 
taining 245 y of synthetic pyridone was added to one of the tubes and each 
sample was diluted to 30 ml. with water. 

The ion exchange resins were added to the columns to form superim- 
posed layers consisting of (from the bottom upward) 6 em. of Dowex 1, 4 
em. of Dowex 50, 8 cm. of Dowex 1, and 5 em. of Dowex 50. Before an 
additional layer was added, the previous layer of resin was firmly packed 
by forcing water through the column with air pressure. About 5 cm. of 
water were left in the column when additions of resin were made in order 
to prevent mixing of the layers. After the columns were complete, they 
were washed with 100 ml. of water. 

The urine samples were added to the columns and the effluents were 
collected in 100 ml. glass-stoppered graduated cylinders. The samples 
were washed through the columns with 10 to 20 ml. portions of water to a 
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final volume of 100 ml. The urine and washings were forced through the 
columns at a rate of 30 to 40 drops per minute. The samples were mixed 
and read against a water blank at 258, 295, and 310 mu. 

The use of sufficient washing to make a final volume of 100 ml. has re- 
sulted in consistently reproducible recoveries. When the columns were 
washed to a final volume of 60 or 80 ml., the recoveries averaged about 10 
and 3 per cent lower, respectively. 

In preliminary experiments, the ultraviolet spectrum and pH of urine 
samples were taken before and after passage through a series of single layer 
columns. After one passage through an excess of each resin, the pH was 
approximately 7 and the spectrum resembled the spectrum of the syn- 
thetic pyridone. However, a second passage through columns of each 
resin removed small amounts of ultraviolet light-absorbing materials, so 
that the four layer columns were adopted for routine analytical work. 
More ultraviolet light absorption was demonstrable in the effluents with 
any other arrangement of the same quantity of resins in a single column 
(e.g. when only two or three layers were used). 

The toluene preservative was evidently retained by the columns, since 
there was no spectrophotometric evidence of its presence in the effluents. 
Furthermore, freshly voided specimens analyzed with and without satura- 
tion with toluene agreed as well as duplicate samples. 

Table I contains data from several recent analyses. Data calculated 
from readings at 258 my were usually from 102 to 120 per cent of those at 
295 or 310 mu. Recoveries were similar at all wave-lengths. The values 
in Table I were representative of the range of values we have observed, 
and were similar to those obtained with other methods for subjects on un- 
controlled nicotinamide intake (2, 6, 15). 

Tests for Specificity of Analytical Procedure—To rule out the possibility 
of the formation of the pyridone by the oxidation of N'-methylnicotina- 
mide during the procedure, replicate samples of urine were prepared with 
and without the addition of N'-methylnicotinamide chloride in amounts 
ranging from | to 14 times the amount of pyridone present. The spectra 
of the effluents from these columns were taken over the range of 220 to 
350 mu, and were as nearly alike as replicates from the same urine without 
additions. Recoveries of added pyridone were also unchanged by the 
addition of N'-methylnicotinamide to the urine. Similar experiments were 
carried on in which nicotinamide, nicotinic acid, trigonelline, nicotinuric 
acid, quinolinic acid, N-methyl-2-pyridone-5-carboxylic acid, N-methyl- 
2-pyridone-3-carboxylic acid, or N-methyl-2-pyridone was added to the 
urine with no effect on the spectrum of the effluent or on the appearance of 
the columns. When oxindole was added to the urine, a red band appeared 
on the upper Dowex | layer, but there was no change in the spectrum of 
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the effluent. The chemically similar quinoline compounds, 2- and 4-quino- 
lone, their V-methy! derivatives, 2 ,4-dihydroxyquinoline and its N-methy] 
derivative, were added to urine samples and were all completely without ef- 
fect on the spectrum of the effluents of the columns. However, N-methyl- 
2-pyridone-3-carboxamide appeared quantitatively in the effluent when 
it was added to urine in amounts up to 1.98 mg. per sample. It was re- 
cently reported by Pullman and Colowick (16) that neither this compound 


TaBLe I 
Daily Excretion of Pyridone 

Subjects 7, 12, and 13 were laboratory personnel on unrestricted diets. Subjects 
1, 5, and 6 were receiving diabetie diets, and all others were on a general hospital 
diet. Subject 8 was taking 300 mg. of isonicotinie acid hydrazide daily. All sub- 
jects were eating well. The range of values for Subject 13 represents five replicate 
samples of a single 24 hour specimen. The spectrophotometric recoveries of added 
pyridone ranged between 94 and 100 per cent (average 97), and were similar at the 
three wave-lengths. 


Pyridone excreted per 24 hrs., calculated from 
readings at 


| 258 my | 205 mys 310 mp 

meg. meg meg. 
1 a * A Diabetes 17.5 17.0 16.2 
2 | 14,“ | Epilepsy 19.8 19.4 19.5 
None 7.1 | 6.7 
5 | 78,“ | Diabetes | 21.2 (20.8 20.4 
7 | 26, M. | None | 22.9 | 21.1 | 20.8 
S os | Tuberculosis 13.0 | 9.5 | 9.9 
9 64, | None 10.2 9.4 9.2 
10 65, 12.3 | 11.4 
12 25, | None 18.4 | 17.3 

13 ae “ 22.3-22.4 | 20.6-20.9 | 19.9-21.0 


nor the pyridone stayed on columns of Dowex 1 (OH — ) or Dowex 50 (H+). 
Because of the differences in the spectra of N-methyl-2-pyridone-3-car- 
boxamide and N-methyl-2-pyridone-5-carboxamide, one may determine 
the former in the presence of the latter by the light absorption at 330 or 
340 mu (16). By this means, we have observed that, following the in- 
gestion of 410 mg. of nicotinamide, less than 0.2 per cent appears in the 
urine of human subjects as N-methyl-2-pyridone-3-carboxamide.' This 
confirms the observations of Holman and De Lange (3) that the latter 
compound is probably not a normal metabolite of nicotinamide in man. 


1 Price, J. M., unpublished observations. 
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Modification of Analytical Procedure for Use with Urines Containing Pro- 
tein—The procedure has been used without alteration in the presence of 
hematuria when the blood is just detectable by visual inspection. The 
presence of larger amounts of blood or protein resulted in poor agreement 
among the values calculated at the three wave-lengths, irregular recover- 
ies, or both (Table II). The presence of protein in the effluents from the 
analytical columns was usually indicated by the development of foam dur- 
ing mixing. The protein has been removed by adding 2 gm. of solid tri- 
chloroacetic acid per 100 ml. of urine, followed by filtration after 10 min- 
utes. The filtrate was then analyzed in the usual way, except that an 
aliquot equivalent to only 0.7 per cent of a 24 hour sample was used. No 
significant loss of pyridone resulted from the addition of the trichloroacetic 
acid, and good recoveries were obtained of pyridone added after the re- 


TaBie II 
Effect of Removal of Protein from Urines of Patients with Hematuria on 
Determination and Recovery of Pyridone 


; Pyridone per day calculated from readings at Per cent recovery 
Urine Protein added pyridone; 
Sample No. average of values 
258 my 295 mu 310 my at 3 wave-lengths 
mig. mg. mesg. 

1 Present 23.4 32.7 37.0 71 

Removed 10.3 9.1 8.5 

2 Present 41.0 42.3 41.1 S89 

2 Removed 41.2 37.4 37.0 OS 

3 40.2 35.7 34.4 97* 


* Recovery of pyridone added to the urine sample before the protein was removed. 
moval of the protein (Table II). If larger amounts of trichloroacetic acid 
were added, smaller aliquots had to be used in order to avoid exceeding the 
capacity of the anion exchanger. No degree of proteinuria or hematuria 
has been observed when the addition of 2 gm. of trichloroacetic acid per 
100 ml. of urine has failed to give reliable results. 

Isolation of Pyridone Present in Effluent from Analytical Columns—Al- 
though most of the ultraviolet-absorbing material other than the pyridone 
was removed from urine by the analytical columns, it seemed probable 
that other substances might be present in the effluent. If these other sub- 
stances could be removed, one could then check the validity of the analyti- 
cal method by weighing the isolated pyridone. Replicate aliquots of a 
sample of urine from a subject given supplemental nicotinamide were put 
through analytical columns and the effluents pooled and evaporated to 
dryness. The pooled effluents were determined to contain 15.1 mg. of 
pyridone, but the dried residue consisted of colorless crystals weighing 
1.512 gm. 
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Previous studies had suggested that the major contaminant was urea 
and that the pyridone did, and urea did not, stay on columns of Nuchar 
C.! Therefore, a mixture of 1.500 gm. of urea and 15.0 mg. of synthetic 
pyridone was prepared as a control sample. Two 1.8 & 20 em. columns 
of Nuchar C (40 to 200 mesh) were prepared and washed with 500 ml. of 
5 per cent NH4,OH, 150 ml. of 15 per cent HCI, and 100 ml. of water. The 
dried effluents and the synthetic mixture were each dissolved in 100 ml. 
of 0.1 N HCl and passed through the charcoal columns. The columns were 
washed with 200 ml. of water and the combined effluents were evaporated 
to dryness to obtain the weight of the ‘‘urea” fraction. These fractions 
weighed 1.429 and 1.251 gm. from the synthetic and urinary samples, re- 
spectively. The columns were further washed with 300 ml. of 5 per cent 
NH,OH (which was discarded) and the pyridone was eluted with 2 per 
cent pyridine in water. The pyridine effluents were read at 295 and 310 
mu to follow the elution of the pyridone. The pyridine fractions contain- 
ing the pyridone were evaporated to dryness, dissolved in 10 ml. of water, 
and the solutions were washed through Dowex 50 (H+). The effluents 
were evaporated to about | ml., dried in vacuo, and weighed. The ‘“‘pyri- 
done” fractions from the synthetic and urinary samples weighed 14.8 and 
24.7 mg., respectively. The synthetic sample was apparently completely 
separated and almost quantitative recoveries were achieved. The re- 
covery of urea was less than and of pyridone more than was expected from 
the urinary sample. 

The *“‘pyridone” fractions were then hydrolyzed with | ml. of 2 nN NaOH 
for 1 hour in a boiling water bath. The hydrolysates were put through 
columns of Dowex 50 (H+) and then through Dowex 1 (OH—). No 
ultraviolet light-absorbing material was present in the effluents from Dowex 
1, indicating that hydrolysis had been complete. N-Methyl-2-pyridone- 
5-carboxylic acid was eluted from the Dowex | with 1 nN HCl. The ef- 
fluents from the Dowex 1 columns were again passed through Nuchar C 
columns as described above. After evaporating the pyridine effluents to 
10 ml., the residual solutions were passed through Dowex 50 (H+) to re- 
move any residual pyridine. The effluents were again evaporated to about 
1 ml. and dried in vacuo. In each sample the dried residue consisted of 
long colorless needles. 

From the pyridone-urea mixture, the residue weighed 15.1 mg. (theoreti- 
cal 15.1 mg.) and melted at 240-241°. The crystals isolated from urine 
weighed 15.0 mg. (theoretical 15.2 mg.), and melted at 239-241°. Neither 
melting point was depressed by mixing the sample with authentic N-meth- 
yl-2-pyridone-5-carboxylic acid (m.p. 240—-241.5°). The yields indicated 
that for this one sample of urine, at least, the analytical method revealed 
very close to the actual amount of pyridone present. 
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DISCUSSION 


The procedure described for the determination of the pyridone has cer- 
tain advantages over those in use. The procedure is short, and with a 
little experience one may readily operate sixteen columns daily. The re- 
coveries are better than those reported for other methods (2, 3). The 
range of recoveries for the last 179 samples analyzed was 95 to 100.1 per 
cent. Of sixteen metabolically or chemically related substances tested, 
only the chemically related N-methyl-2-pyridone-3-carboxamide interfered 
with the determination. The latter has not been established as a metabo- 
lite, although it is produced by chemical oxidation of N'-methylInicotin- 
amide (16). If it is a metabolite in man, it must be an insignificant one 
(3).) 

The procedure described was satisfactory for rat urine which had been 
treated with trichloroacetic acid. ‘Two samples of dog urine failed to yield 
spectrophotometric evidence for the presence of the pyridone. Perlzweig, 
Rosen, and Pearson (6) also failed to detect the pyridone in dog urine. 

No sample of human urine has been found which could not be satisfac- 
torily analyzed. We have analyzed urines from patients with severe di- 
abetes with glycosuria, nephritis, uremia, pyelonephritis, severe hematuria, 
and neoplastic diseases. Many of the patients were receiving medication, 
including one who received 300 mg. of isonicotinic acid hydrazide during 
the collection of the sample. 

Numerous alterations in the analytical columns were tried, but none was 
as satisfactory as the one described. The pH of the urine was lowered by 
passage through Dowex 50 (H+) and approached neutrality after sub- 
sequent passage through Dowex 1 (OH—). No change in pH occurred 
when the urine passed through these resins the second time, but some ultra- 
violet light-absorbing material was removed, especially by the Dowex 50. 
This suggests that the urine developed sufficient hydrogen ion concentra- 
tion in the first layer of Dowex 50 to compete with some weak cations which 
were then held on the second layer of Dowex 50. It is possible that the 
urine must be acidic when passing through one layer of Dowex 50, since a 
reversal of the order of the layers produced a less effective column. 

Prior acidification of the urine with HCl was of no advantage. The 
addition of HCl] to the effluents before reading in the spectrophotometer 
decreased the light absorption below 240 mu, but had no detectable effect 
on the rest of the spectrum. 


SUMMARY 


A procedure for determining the amount of N-methyl-2-pyridone-5-car- 
boxamide in human urine has been described. It is based on the principle 
that Dowex 50 (H+) and Dowex 1 (OH—) are capable of removing most 


rea 
ar 
tic 
ns 
of 
‘he 
mil. 
ere 
ed 
ns 
re- 
‘nt 
er 
510 
in- 
er, 
its 
nd 
‘ly 
re- 
ym 
gh } 
ex 
C | 
to | 
ut | 
of | 
1e 
er 
h- 
od 


124 PYRIDONE DETERMINATION IN URINE 


of the ultraviolet light-absorbing materials in urine with the exception of 
the pyridone. The effluents from multilayer columns of these resins may 
be read directly in a spectrophotometer. Related metabolites and several 
chemically related substances do not interfere, except for the isomeric N- 
methyl-2-pyridone-3-carboxamide, which has not been found in human 
urine. 


I wish to thank Margaret Ann Olson for assistance with some of the 
chromatographic and spectrophotometric procedures. 
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A previous study from this laboratory (1) on the effect of different salt 
concentrations on the properties of the deoxyribonucleohistone of calf 
thymus led to the discovery that deoxyribonucleic acid fractions of differ- 
ent, though regularly graded, composition could be prepared by a proce- 
dure best described as the fractional dissociation of the conjugated protein 
(2). It appeared of interest to extend these fractionation studies to artifi- 
cial complexes between different deoxyribonucleic acids and histone or 
other basic proteins, since nucleic acid specimens will in general be more 
readily available than the corresponding nucleoproteins; moreover, a 
greater choice of experimental systems promised to render the separation 
procedures more widely applicable. Studies of this nature are presented 
here. In addition, experiments are described that supplement the pre- 
viously reported observations on the fractionation behavior of nucleo- 
histone and of artifically prepared histone nucleate complexes. 


EXPERIMENTAL 
Analytical Procedures 


The methods used for the quantitative determination of phosphorus, 
deoxypentose and pentose nucleic acids, and protein, as well as those em- 
ployed for the measurement of extinction and viscosity, have been described 
before (1,2). With the exception of beef globin, which was determined by 
the direct weighing of its hydrochloride, the values for protein are expressed 
in terms of the equivalent amount of crystalline egg albumin (1). The 
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Council, from the National Institutes of Health, United States Public Health Service, 
and from the Rockefeller Foundation. 
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ministered by the National Research Council, 1951-52, and Fellow of The National 
Foundation for Infantile Paralysis, 1952-53. 
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biuret complex of our histone preparations had an absorption at 310 mu 
(1) of only 78.5 per cent of that given by the same weight of egg albumin. 
Similar observations have been reported recently on the absorption of 
these biuret complexes in the visible part of the spectrum (3). 

The analyses of individual purines and pyrimidines were performed by 
the procedures listed in a recent publication (4). For the analysis of the 
nucleic acid fractions from the r* strain of coliphage T6, the methods of 
Wyatt and Cohen (5) were followed. For the estimation of 5-hydroxy- 
methyleytosine by quantitative spectrophotometry (6), a value of A = 
0.601 was used for the difference between the extinction values at 279.5 
and 305 mu of a 0.001 per cent solution of this pyrimidine in 0.1 Nn HCl! 


Material 


Proteins—The preparation of histone chloride from calf thymus nucleo- 
histone under very mild conditions has been described in a recent paper 
(1). Globin chloride was prepared from ox blood cells by the method of 
Anson and Mirsky (7); it contained N 15.3, Cl 5.07 per cent. Crystalline 
egg albumin was obtained from the Worthington Biochemical Sales Com- 
pany, Freehold, New Jersey. 

Nucleohistone—Three types of calf thymus nucleohistone were employed, 
carrying the same designations as those in a recent publication in which 
their preparation was discussed (1). They were (a) the original nucleo- 
histone extract prepared at a low ionic strength (NHE); (6) nucleohistone 
isolated from NHE by precipitation at a 0.15 Mm NaCl concentration (N- 
NH); (ec) nucleohistone similarly isolated, but from solutions that had first 
been exposed to mM NaCl (R-NH). 

Deoxyribonucleic Acids—Three species, ox, pig, and man, served as the 
sources of mammalian nucleic acids. The composition of total prepara- 
tions of this type has been discussed in detail in a recent paper (4). They 
will be designated here with the respective initials, O, P, and M, followed 
by the number of the preparation. Preparations O-1 and ©-2 were iso- 
lated from calf thymus by a combination of procedures mentioned before 
(4), which involved the extraction of the tissue, previously washed with 
citrate-saline, with strong NaCl solution, precipitation with ethanol, 
deproteinization with chloroform, dialysis, and lyophilization. Prepara- 
tions O-3 and O-4 were made by precipitation with ethanol from a solution 
of calf thymus nucleohistone in 2.6 mM NaCl (1). The additional treatment 
of Preparation O-4 with chloroform-octanol led to the isolation of Prepara- 
tion O-4da. Preparation O-5, for which we are greatly indebted to Dr. 
N.S. Simmons, University of California, was a specimen prepared from 
calf thymus with the aid of sodium xylene sulfonate (8). Preparations 


! We are grateful to Dr. R. H. Barnes, Sharp and Dohme, West Point, Pennsyl- 
vania, for a synthetic specimen of 5-hydroxymethylcytosine. 
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0-62, 0-63, O-64, 0-66, and O-67 represent Fractions 2, 3, 4, 6, and 7, 
respectively, obtained by the fractional dissociation of nucleohistone, 
described as Experiment VI in a previous publication (2). Preparation 
()-7 was obtained from calf thymus by the method of Kay et al. (9). 

Preparations P-1, from pig thymus, and P-2, from pig liver, have been 
described (4). For Preparation M-1 from a human spleen, removed at 
operation, we wish to thank Dr. M. E. Hodes; it was isolated by the pro- 
cedure of Kay et al. (9). 

A detailed account of the isolation and composition of the specimens 
from sperm of different sea-urchin genera has been given before (10); 
Preparation Pa-1 came from Paracentrotus lividus and Preparation Ar-1 
from Arbacia lixula. The nucleic acid preparation from the r* strain of | 
coliphage T6, designated here as Preparation Cp-1, was obtained through 
the courtesy of Dr. J. Spizizen, Sharp and Dohme, Inc., West Point, 
Pennsylvania. The apurinic acid specimen used in one experiment, 
Preparation APA-1, was prepared from calf thymus deoxyribonucleic acid 
by a previously published method (11). 


Experimental Arrangement and Results 


All experiments were, unless noted otherwise, carried out in the cold. 
The experiments are numbered consecutively; each fraction is designated 
by a Roman numeral following the experimental number. 

Fractionation of Nucleohistone Preparations—Experiments 1 and 2 
(Table I) compare the fractionation behavior of ‘‘native’’ nucleohistone 
(N-NH) and “reconstituted”? nucleohistone (R-NH) respectively. (See 
the discussion of these substances in a previous paper (1).) Solutions of 
the preparations in distilled water (previously adjusted to pH 7), contain- 
ing about 90 y of P per ec., were mixed with an equal volume of 1.3 Mm NaCl 
solution and, after an interval of 30 minutes, treated in a high speed mixer 
with 0.5 volume of chloroform-octanol (9:1) for 2 minutes. From the 
supernatant fluids, obtained by centrifugation (15 minutes, 2000 x 4), 
the sodium nucleate preparations, Fractions 1-I and 2-I, were isolated in 
the usual manner (2). The sedimented gels were reextracted, as described 
above, first with portions of 0.9 m NaCl equal to one-half of the original 
volume of nucleohistone solution (Fractions 1-II and 2-II) and then with 
2.6 m NaCl (Fractions 1-III and 2-IIT). The results are summarized in 
Table I. The deoxyribose content of the different fractions varied from 
95 to 100 per cent of that of a standard preparation of calf thymus deoxy- 
ribonucleic acid (DNA); protein was absent from all preparations, and 
pentose nucleic acid was not a contaminant, except in Fractions 1-IIT (3 
per cent) and 2-III (6 per cent). The figures on base composition are 
derived from at least two independent hydrolysis experiments. 

Fractional Dissociation of Artificial Complexes; Phosphorus Distribution— 
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For the preparation of complexes, solutions of the substances in distilled 
water of pH 7 were used. The concentrations per cc. were as follows: 
deoxypentose nucleic acid or apurinic acid, 1 to 2 mg.; histone or globin, 


Tasie I 
Fractional Dissociation of Nucleohistone Preparations; Composition of 
DNA Fractions 


(0.65 (0.90 2.6 0.65 0.90 26 
% nucleohistone (30.1 | 53.5 14.6 | 32.4 48.0 | 11.0 
i eas | 8.9 | 9.2 | 89 | 9.0 | 9.0 | 8.8 
525 470 | 4200-525 | 450410 
: Salles per 080 gue. atoms P* 
cows 93.0 | 9.0 93.3 | 94.1 | 98.9 94. 
26.0 30.3 31.4 26.4 30.7 30.1 
23.7 | 19.8 | 18.6 | 23.8 | 19.3 | 19.9 
24.7 | 20.9 19.7 | 24.5 | 20.4 | 21.2 
25.6 29.0 | 30.3 | 25.3 29.6 28.8 


Molar ratios 


Adenine + thymine to guanine + 


1.46 1.61 1.07, 1.52 1.43 
Adenine to thymine................ | 1.02] 1.04] 1.04] 1.04 | 1.04 | 1.04 
Guanine “ cytosine................ | 0.95 | 0.94 0.97 | 0.95 0.94 
Purines “ pyrimidines............. 0.99; 1.00; 1.00; 1.01 | 1.00 | 1.00 


The terms ¢(P) and »,,.(P) have been defined previously (12, 1); per cent of nucleo- 
histone P refers to P recovered in the particular fraction as per cent of P present in 
the nucleohistone before fractionation. 

* The total average recovery of moles of nitrogenous constituents per 100 gm. 
atoms of P is given in the first line. The mean proportions of each constituent have 
been corrected to a 100 per cent recovery. 


2 to 4 mg.; egg albumin, 5 mg. The substances were in general allowed to 
dissolve by storing them overnight in the refrigerator. Histone solutions 
were clarified by centrifugation; the solutions of globin chloride were care- 
fully adjusted to pH 6.4. 

The experiments illustrated in Fig. 1 were performed by adding a globin 
or histone solution to an equal portion of a nucleic acid solution in which 
the appropriate quantity of NaCl had been dissolved. In this manner, a 
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series of mixtures of the two components was obtained, constant with 
respect to total volume (20 cc.) and weight ratio of protein to nucleic acid 
P, but varying in salt concentration. The mixtures were kept for 30 


lOO 


90 


80 


70F 


60F 


SOF 


40 


% OF TOTAL DNA P 


30 


20 


t 
~ 


% OF TOTAL DNAP 


04 06 0.8 2.6 
M NaCl 


Fia. 1 Fig. 2 


Fic. 1. Fractional dissociation, in the presence of a CHCl; phase, of artificial 
complexes between the deoxyribonucleic acids of calf thymus (Curves A and B) and 
pig liver (Curve C) with globin (Curve A) or histone (Curves B and C). The quan- 
tities of nucleic acid P (as per cent of P in the starting material) extracted at the 
NaCl concentrations indicated on the abscissa are plotted as the ordinate. 

Fic. 2. Suecessive extraction with NaCl solutions, in the presence of a CHC], 
phase, of artificial histone complexes with apurinie acid (Curve D), with the deoxy- 
pentose nucleic acids of coliphage T6 (Curve E) and of human spleen (Curve F), and 
with Fraction 0-63 from calf thymus nucleic acid (Curve G). 


minutes, stirred in a high speed mixer for 2 minutes with 10 ec. of CHCI;- 
pentanol (3:1), and centrifuged for 15 minutes at 2000 K g. The P con- 
tent of the supernatant fluids, which had been freed of the bulk of the 
protein, is indicated in Fig. | for complexes between globin (Curve A) or 
histone (Curves B and C) and the nucleic acid preparations O-1, O-4a, and 
P-2. Preparations Ar-1 and Pa-1, from sea-urchin sperm, yielded curves 
very similar to Curves B and C respectively. A complex between egg 
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albumin and Preparation O-1 (weight ratio of protein to P, 30.7) was ' 
found to yield 91 per cent of the nucleic acid P to the supernatant solution | 
at 0.6 m NaCl; no indication of fractionation was obtained. 

Another experimental arrangement, in which a much smaller amount of — | 
nucleic acid (about 5 mg.) sufficed for an entire fractionation experiment, | | 
is exemplified in Fig. 2. A single mixture of nucleic acid and histone was | 
prepared, at the lowest NaCl concentration indicated in this graph, and 
treated with chloroform, as described above. The gel (+ CHCls) result- 
ing from centrifugation was extracted stepwise, each time in a high speed | 
mixer for 2 minutes, with NaCl solutions of increasing, exactly known 
concentration (2). The volume of the aqueous phase was usually equal to 
that of the mixture at the start. In the preparatory experiments, de- 
scribed in the next section, which were carried out in the same manner, it 
proved sometimes convenient to reduce the volume of the subsequent 
extraction fluids to one-half of the original; this did not seem to alter the 
results. The selection of the experiments reproduced in Fig. 2 includes | 
Preparation APA-1 (Curve D), the coliphage nucleic acid Cp-1 (Curve E), | 
the nucleic acid from human spleen M-1 (Curve F), and Preparation O-63 
(Curve G) obtained, as noted above, by the fractionation of calf thymus 
deoxyribonucleohistone (2). The curves obtained with Preparations O-62, ) 
0-66, and 0-67 closely resembled Curve G. Preparation P-1 from pig 
thymus yielded a curve almost identical with Curve F. 

The influence of the amount of histone entering into the complex on the 
ease of dissociation is illustrated in Fig. 3, a; the importance of the degree 
of preservation of the nucleic acid is shown in Fig. 3, b2 It should be 
mentioned that, when Preparation O-2 was completely depolymerized by 
being heated in distilled water (1 mg. per cc.) to 100° for 1 hour, the com- 
plex between histone and this non-viscous specimen (weight ratio of histone —— 
to P, 19.7) yielded a total of less than 4 per cent of the nucleic acid P to 
the supernatant fluids over the entire range from 0.2 to 2.6 Mm NaCl. : 

| 


on. 


% OF TOTAL DNA P 


The remarkable effect of an admixture of 0.06 m MgCl to the NaC] ’ 
solutions is shown in Fig. 4. When solutions of MgCl. alone were em- | 0 
ployed, the liberation of nucleic acid from its complex with histone took 
place with even greater ease, as much as 70 per cent of the nucleic acid P ) 


being detached by 0.3 m MgCl. and almost the entire amount by a 0.6 m v 
solution. Complexes formed in the presence of Mg ions were dissociated 5 
with particular readiness. 
Fractionation of Nucleic Acids on Preparatory Scale-——The technique was a 

n 


2 The experiments illustrated in Fig. 3 were carried out as were those presented 
in Fig. 2, but the results have, for clarity of presentation, been plotted to indicate, 
for each NaCl concentration, the total nucleic acid P liberated in the preceding ex- 
tractions. | 
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essentially similar to that followed in the experiments summarized above 
in Fig. 2, except for the use of larger quantities of histone and nucleic acid. 
The reagents were brought together in the proportions, and at the lowest 
NaCl concentration, indicated in Tables II to IV, and the gels were sub- 
jected to the stepwise extraction outlined before. After the treatment 
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Fic. 3. Successive extraction with NaCl solutions, in the presence of a CHCI, 
phase, of artificial histone complexes with calf thymus deoxyribonucleic acid Prep- 
arations O-2 (Curves 1 to 4) and O-5 (Curves 5to7). In (a) the amount of histone 
varied; in (b) the degree of polymerization of the nucleic acid. The weight ratio of 
histone to nucleic acid P was 23 (Curve 1), 18 (Curve 2), 14 (Curve 3), 4.5 (Curve 4), 
17 (Curves 5 to 7). The viscosities, 7.).(P), were as follows: Curve 5, 1000 (intact 
preparation); Curve 6, 420 (0.1 per cent solution heated at 75° for 5 minutes); Curve 
7, 240 (0.1 per cent solution heated at 75° for 40 minutes). 

Fic. 4. Effect of Mg** on fractional dissociation, in the presence of a CHC}; 
phase, of artificial histone complexes with Preparation O-2. The weight ratio of 
histone to nucleic acid P was 17. The successive extractions were performed with 
NaCl solutions of the indicated molarity in the absence (Curve 1) and in the presence 
of 0.06 Mm MgCl, (Curve 2). 


with 2.6 mM salt solution, an additional prolonged extraction (6 to 10 days) 
with a 1.7 mM NaCl solution was applied in a few instances (Fractions 4-IV, 
5-IV, and 7-V). For the isolation of the nucleic acid from the extraction 
fluids, salt was added to establish a molarity of 2.6 and, 30 minutes later, 
a double volume of 95 per cent ethanol. The mixture was chilled over- 
night and the usually fibrous precipitate collected by centrifugation. 
Occasionally some granular material was admixed; when analyzed sepa- 
rately, its composition was found to be identical with that of the fibers. 
With the exception of Experiment 6 (Table IT), in which globin had been 
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substituted for histone, no additional deproteinization with chloroform- 
pentanol was necessary. The aqueous solutions of the nucleic acid pre- 
cipitates were then subjected to dialysis and lyophilization. 


Tas.e 


Fractionation of Deoxyribonucleic Acids from Pig Liver (Experiment 7) 
and Human Spleen (Experiment 8) through Complezes with Histone 


Experiment No..... 


Preparation 


Protein to P, 
ratio 


DNA fraction No. 


NaCl molarity. 


% nucleohis- 
tone 
Total P, %.. 
xtinetion, 
Viscosity, 
nsp.(P) 


Total recovery. 
Adenine.... 
Guanine. .. 
Cytosine...... 
Thymine...... 


Adenine + 
thymine to 
guanine + 
cytosine. . 

Adenine to 
thymine. . 

Guanine to 
cytosine... 

Purines to 
pyrimidines. 


129.8 26.2 
}20.4 23.8 


10.98. 0.96 0.95 


- 


6400 


| 260, 335) 


95.6 95.5 
29.8 


20.7 24.9 
29.1 25.1 


‘1.43 1.05 1.41 


1.01) 1.00) 1.00 


1.02 1.04 1.09) 1.09 


0.930.97 


1.000.974 


| 
0.940.98 0.97 


0.99 1.00, 1.00 


| | 
1.00 1.02 1.05 
| | 
| 
1.00 0.96 0.95 
| 


1.00) 1.00) 1.01) 


1.04 


8 
P.2 ty M-1 
11.8 14.8 
lit IV V I il Ill IV V Vi 
= 2.6.1.7 | 0.62 0.70 0.75 0.84 0.92 2.6 
| 
19.0 11.3, 3.6) 22.1 |12.6 |15.0 |12.2 |11.2 |12.4 
8.1 7.6 7.9/8.2) 8.1/8.1 8.2 
| | 
6500 6650 6500, 6750, 6650 6650 6900 7000 
| | | 
per atoms Pt 
98.2 9 18.1 94.296.0l02.4 95.6 95.5 96.6 98.3 93.5 
30.8 29.7:30.3 30.427.6 29.2 30.8 31.8 31.8 30.8 
19.2 19.7,19.419.6)22.4 20.8 19.1 18.5 18.7 18.8 
20.7 20.8 19.8 19.4 |19.0 19.6 
29.3 30.429 7 30.1)26.8 29.2 30.3 30.3 30.5 [30.8 
es Molar ratios 
1.511 1 1.19 1.40 1.57 1.64 1 652 .60 


" Averens composition taken from a previous paper (4). 
t See Table I for explanation. 


Experiments on the fractionation of calf thymus deoxyribonucleic acid 
preparations by means of histone and globin are presented in Table II. 


| 
| 
| 
| 
| 
0.60 0.80 
| 12.0 27.5 
| S.0 8.2 
| 
| 
20.2 
| 21.2 
| 28.8 
| 
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They include the subfractionation of a previously described nucleic acid 
fraction, Preparation O-64 (2). Table III summarizes the results with 
preparations from human and pig tissue; specimens from sea-urchin sperm 
and coliphage are dealt with in Table IV. Additional purity tests, the 
results of which are not listed in detail, were performed on all fractions. 
The color values with diphenylamine given by all fractions averaged 96.7 
per cent of the color developed with a standard preparation. Pentose 
nucleic acid was absent. The protein contents were negligible, with the 
exception of Fraction 8-III (8 per cent), Fractions 10-I to 10-IV (8 to 13 
per cent), and the phage fractions of Experiment 11 (about 15 per cent). 

When the increments contributed by each fraction listed in Tables IT to 
IV were computed, an average composition could be constructed and com- 
pared with that of the total nucleic acid specimen subjected to fractiona- 
tion. The following average ratios of adenine + thymine to guanine + 


TABLE IV 
Fractionation of Deoryribonucleic Acids from Sperm of Paracentrotus (Experiment 
9) and Arbacia (Experiment 10) and from Coliphage T6 (Experiment 11) through 
Complexes with Histone 


Experiment | | 
TRS | 9 10 11 
Preparation .... Pa-1 | Ar-1 ie | Cp-1 
Protein to P, | | 
weight ratio... 11.7 | | 21.0 | | 19.5 
DNA fraction | | | | | | 
NaCl mo- | | | 
larity..... 0.60 0.80 2.6 0.50 0.65 0.80 2.6 0.42 0.55 0.70 2.6 
% nucleo- | | | | | | | 
histone P 14.7 24.0 43.0 = 7.8 21.3 18.2 37.9 9.8 19.1 27.9 23.6 
Total P, %. 7.5 8.3 8.0) 7.8 8.4 8.6 8.0 5.7 | 7.4 | 7.5 | 7.2 
Iixtinetion, | | | | | | | | | | | 
6800 6600 6950 6800 6700. 6600/6550 6650/6800) 6650, 6350 6450 
Moles per 100 gm. atoms Pt 
Total re- | | 
covery.....94.797.5 96.1 97.194.293.894.8 94.5 95.197.190.189.6 90.4 88.6 
Adenine... 32.8 30.8 32.5 33.131.230.030.0 31.3 31.030.932.132.9 32.8 35.2 
Guanine.... 17.720.0 17.3 17.119.119.919.9 18.7 18.518.419.217.5 16.9 17.7 
Cytosine. ...17.319.4 17.8 17.419.221.319.9 19.4 19.6 
Hydroxy- | | | | 
methyl- | | | | | | | | 
cytosine. | | 16.7 17.4 
Thymine . ..32.129.7 32.4 32.430.528.830.1 30.6 30.9 33.3 29.432.2 33.6 317 
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TABLE 1V—Concluded 
| 


DNA* 


| 
| 


Preparation .... 


Total 


| 
| 
| 
| 


Protein to P, | | 
weight ratio. . 11.7 | 21.0 19.5 


Adenine + | | | | 
thymine | 
to guanine | | | | 
+ cyto- | | 
sine...... 1.85 1.63 1.85/1.90/1.611.43 1.51) 1.62 

Adenine + | | | 
thymine | 
to guan- 
ine + 


| 
hydroxy- 
| 


methyl- 
cytosine. 
Adenine to | 
thymine. 1.02 1.03 1.00/1.02)1.02 1.04 1.00) 1.02 0.98 1.05 
Guanine to | | | | 
cytosine. 1.02 1.03 0.97 0.98)0.99 0.93, 1.00) 0.96/0.94 | 
Guanine to | | | | 
hydroxy- 
methyl- | 
cytosine 1.06/0.99| 1.00 1.01 1.02 
Purines to | | | 
pyrimi- | | | | 
dines..... 1.02 1.03 0.99)1.01,1.01 1.00 1.00, 1.02 0.991.04 


1 .79|1 1.86 1.981 .85 


* Average composition taken from a previous paper (10). 
t See Table I for explanation. 


cytosine were thus obtained: Experiment 3, 1.36; Experiment 4, 1.34; 
Experiment 5, 1.24; Experiment 6, 1.33 (Table II); Experiment 7, 1.40; 
Experiment 8, 1.47 (Table III); Experiment 9, 1.82; Experiment 10, 1.58; 
Experiment 11, 1.87 (Table IV). It will be seen that the agreement be- 
tween these reconstructed ratios and those actually found for the prepara- 
tions was in general very good. 

Necessity of Presence of Deproteinizing Agent for Fractionation—The 
experiments summarized in Table V were carried out with Preparation 
0-7. In Experiment 12, 50 cc. of a 0.6 per cent solution of histone were 
added to 200 cc. of a 0.1 per cent nucleic acid solution, both in distilled 
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water. A precipitate formed immediately. It was collected after the 
mixture had been adjusted to a 0.15 m NaCl concentration and then ex- 


TABLE V 


Fractionation of Calf Thymus Deoxyribonucleic Acid As Function of Complex 
Denaturation; Composition of Fractions Isolated in Absence (Experiments 
12, 13) and Presence (Experiment 14) of Chloroform* 


Total | 
Protein to P, weight ratio... 18.1 | 14.5 14.5 
I Il I Il IV I Il Ill 
NaCl molarity........... | 0.6/0.9! 0.55) 0.6 | 0.7 | 1.7 | 0.7 | 1.0 | 1.7 
nucleohistone P....... 20.0 | 12.5 22.1 12.5 9.0/6.6 15.4 6.6 
Moles per 100 gm. atoms P§ 
SRA ere 29.0 20.0 20.0 | 27.2 28.2 27.8 28.2 23.8 29.4 30.5 
21.2 22.5 20.2 | 21.9 21.2 23.1 22.1 26.4 20.7 19.5 
21.2 19.0 21.4 | 22.3 21.6 21.8 20.9 25.0 20.1 (20.3 
28.5 29.4 29.4 28.6 27. 3 28. 8 24.8 29.8 '29.7 
| | | 
Molar ratios 
Adenine + thymine to | | | | | | | | 
guanine + cytosine....| 1 36 1 AL 1 AL 1.26 1.34 1.23 1 32 0 95 1 45 1.51 
Adenine to thymine. .... 1.02 0. 99 0. 99 0.95 0.97 1.02 0.98 0. 96 0. 99 1.02 
Guanine “ cytosine. ....| 1.00. 1. 18 0.94 0.98 0.98 1.06 1.06 1.06 1. 03 0.96 
Purines “ pyrimidines. .| 1.01) 1. 06 0). 97 0.96 | 0.98 1.04 1. O1 1. 00 1.00 


* Artificial complexes of histone * Ww with Preparation 07 were prepared at 0.15 M 
NaCl concentration (Experiment 12) and at 3 M NaCl (Experiments 13 and 14) and 
extracted successively with NaCl solutions of increasing strength. The composi- 
tion of several nucleic acid fractions is shown here. Compare experimental details 
in the text. 

t+ Average composition taken from a previous paper (4). 

t Viscosity determinations carried out in the course of these experiments gave 
the following results. All specimens were air-dried preparations freed of protein 
by the procedure of Kay et al. (9). The deoxyribonucleic acid serving as the start- 
ing material (Preparation O-7) had an ngp.(P) of 900; the corresponding values were 
for Fraction 13-I, 650; Fraction 13-II, 400; Fraction 14-I, 250; Fraction 14-II1], 200. 

§ See Table I for explanation. 


tracted gradually with 50 ce. portions of NaCl solutions of increasing 
strength (0.5 Mm to 2.6m). The nucleic acid specimens recovered from two 
of these extracts are listed as Fractions 12-I and 12-II. In Experiments 
13 and 14 similar proportions of histone and nucleic acid were mixed at 
3M NaCl concentration. The viscous solution was divided into two por- 


t 
\ 
I 
| t 
| 
| \ 
t 
| ] 

( 
t 
t 
I 
( 
} 
( 
t 
( 
( 
| 


Cc. F. CRAMPTON, R. LIPSHITZ, AND E. CHARGAFF 137 


tions, each of which was brought to 0.15 m NaCl by prolonged dialysis 
against NaCl solutions of suitable strength. The resulting precipitates 
were subjected to a stepwise extraction with salt solutions of increasing 
molarity in the absence (Experiment 13) and in the presence (Experiment 
14) of a CHCl;-amyl alcohol phase. Several nucleic acid specimens se- 
cured in the course of these experiments are also listed in Table V. It will 
be seen that evidence of actual fractionation was obtained only in Experi- 
ment 14, in which the gradual extraction with salt solutions of increasing 
strength took place in the presence of a CHCl; phase, as in the fractiona- 
tion experiments described in the preceding sections. In several other 
instances, when the stepwise extraction of histone nucleates was performed 
without the simultaneous treatment of the complex with CHCl; or when 
the fractional precipitation of the nucleic acid with ethanol (1) from salt 
solutions of increasing molarity was attempted, results similar to those of 
Experiments 12 and 13 (Table V) were obtained. 


DISCUSSION 


Some of the consequences arising from the observation that calf thymus 
deoxyribonucleic acid can be separated into fractions of different composi- 
tion have been considered in a previous paper (2). The present publica- 
tion extends and amplifies these studies, whose results have subsequently 
been confirmed by a different procedure (13). It will be remembered that, 
in our prior experiments, calf thymus nucleohistone isolated under condi- 
tions that excluded contact with strong salt solutions (1) was subjected to 
a stepwise extraction with salt solutions of increasing strength in the pres- 
ence of a denaturing phase consisting of chloroform-amyl alcohol. In this 
manner a series of deoxyribonucleic acid fractions with diminishing con- 
centrations of guanine and cytosine and rising concentrations of adenine 
and thymine, but still exhibiting the remarkable regularities pointed out 
previously (14), was obtained. 

Before the fractionation of isolated deoxypentose nucleic acids, the main 
object of the present study, was undertaken, it was important to ascertain 
to what extent fractionation was affected by the previous dissociation and 
reassociation of the nucleohistone (1). As it is likely that thymus nucleo- 
histone comprises many different nucleic acids and, perhaps, more than 
one protein (15-17), it appeared conceivable that conditions of dissociation 
of the conjugated proteins would produce a mixture that was no longer 
resolvable. The experiments summarized in Table I show that this was 
not the case; fractionation is not an attribute of the intact state of the 
nucleohistones. 

As a preliminary to the fractionation of nucleic acids on a preparatory 
scale, numerous experiments on the gradual release of phosphorus from 
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artificial protein nucleate complexes were carried out, a selection of which 
is presented in Figs. 1 to 4. They showed that all highly polymerized 
preparations of deoxypentose nucleic acids could be divided into a series 
of fractions (Figs. | and 2). Globin nucleates appear to undergo dissocia- 
tion more readily than histone nucleates (Fig. 1, Curve A; Table IT, Ex- 
periment 6). The influence of the relative proportions of histone and 
nucleic acid on the course of the fractionation is shown in Fig. 3, a. With 
a ratio of histone to nucleic acid P of 23, only 1 per cent of the nucleic acid 
was found in the soluble phase at 0.5 mM NaCl; with a ratio of 4.5, 57.7 per 
cent. 

Another factor of great importance is the state of polymerization of the 
nucleic acid. As is shown in Fig. 3, b, the ease of dissociation of the com- 
plexes, and therefore the recovery of nucleic acids, decreases very markedly 
with the viscosity of the latter. This was often observed in the fractiona- 
tion experiments discussed here. When nucleic acid specimens of high 
viscosity (nsp.(P) of 700 to 1000) were subjected to fractionation, 70 to 80 
per cent of the total nucleic acid was recovered in the successive extrac- 
tions; with samples of .).(P) of 300 to 400, the recovery was considerably 
less and became almost negligible at even lower viscosities. These find- 
ings, indicating a tenacious retention of denatured nucleic acid, would 
seem to be in contrast to the observations on the behavior of a thymus 
deoxyribonucleic acid specimen, degraded by heat, on a histone-coated 
kieselguhr column (13). In the latter case, however, the effluent may have 
contained a complex between the depolymerized nucleic acid and histone, 
which in the absence of a denaturing phase was soluble at a low salt con- 
centration. It has, in fact, been noticed* that under appropriate condi- 
tions nucleohistone is rendered soluble at a low ionic strength by the addi- 
tion of large amounts of degraded deoxyribonucleic acid. 

Though certain consistent differences were noticeable in the dissociation 
behavior of histone complexes with nucleic acids of different cellular origin, 
a detailed discussion would require too much space; they will appear on 
inspection of Figs. | and 2 and of Tables II to IV. It should, however, be 
pointed out that apurinic acid (Fig. 2, Curve D) and the coliphage nucleic 
acid (Fig. 2, Curve E; Table IV, Experiment 11) were liberated from the 
histone nucleate gels at much lower NaCl molarities than were any of the 
other nucleic acids tested. 

The noteworthy effect of Mg ions on the ease of dissociation of histone 
nucleates, exemplified in Fig. 4, adds one more instance to previous obser- 
vations on the binding of bivalent cations by nucleic acids. (Compare 
the discussions in previous publications (18-21).) It should be of interest 
to investigate the composition of nucleic acid fractions isolated under these 
conditions. 


’ Crampton, C. F., and Chargaff, E., in preparation. 
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A selection of fractionation experiments on a preparatory scale is given 
in Tables II to IV and, in a different context, as Experiment 14 in Table 
V. With the exception of Experiment 6 (Table IT), in which globin nucle- 
ate was employed, artificially prepared histone nucleate complexes served 
as the starting material. The results fully confirm those previously ob- 
tained with intact calf thymus nucleohistone preparations (2). Four 
different deoxyribonucleic acid preparations, isolated from calf thymus by 
a variety of procedures, yielded a series of fractions which in their compo- 
sition characteristics closely resembled those described in the previous 
study (Experiments 3, 4, 6, 14)... Preparations from human and pig tissues 
could also be fractionated (Experiments 7 and 8). The evidence for the 
isolation of differently composed fractions is, perhaps, not quite as con- 
vincing in the case of sea-urchin sperm (Experiments 9 and 10) and coli- 
phage T6 (Experiment 11), although the differences between Fractions 
9-I and 9-ITI and Fractions 11-I and 11-III appear significant. Whether 
stress should be laid on the observation that specimens from haploid cells 
and from phage showed less tendency of separation into fractions of dif- 
ferent composition remains to be seen. 

One fraction resulting from the fractional dissociation of the original 
nucleohistone (2) and comprising about one-sixth of the total deoxyribo- 
nucleic acid of calf thymus, but very similar to it in composition, was 
subjected to refractionation through an artificial histone complex (Table 
II, Experiment 5). Though some evidence of additional fractionation 
was obtained, the spread in composition was much smaller than that ob- 
served with total nucleic acid preparations. This provides an additional 
support for the suggestion made before (2) that the deoxypentose nucleic 
acid of a given cell may comprehend an entire population rather than a few 
differently constituted individuals. 

The preservation of the 1:1 relationships stressed on previous occasions 
(14) in practically all fractions described here is most remarkable; the 
ratios of adenine to thymine, of guanine to cytosine, and of total purines 
to pyrimidines were near |. If the recent hypothesis* of the molecular 
structure of deoxypentose nucleic acids which postulates, partly on the 
basis of these relationships, a helical dyad, in which the two coiled strands 
are held together by a specific pairing of these bases (22), is applied here, 
a nucleic acid preparation from a given species must be assumed to include 
a large number of helical structures differing in the nucleotide sequences 
of their component strands. For, it must be remembered that, while an 


* This suggestion (22), though it has much to recommend itself on esthetic grounds, 
fails to explain satisfactorily our findings on the extremely uneven distribution of the 
cytosine satellite 5-methylcytosine in fractions of calf thymus deoxyribonucleic acid 
(2). One should have expected a random replacement of cytosine by the methyl de- 
rivative. 
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identical nucleotide composition does not prove an identical sequence (14), 
differences in composition signify divergences in sequence. It will be of 
great interest to ascertain whether the fractionation of denatured (23) or 
otherwise mistreated nucleic acid specimens, in which a rupture of hydro- 
gen bonds could have taken place, will yield material showing deviations 
from these regularities.° We hope to return to this question on a later 
occasion. 

One additional ratio, viz. that of adenine + thymine to guanine + 
cytosine, is listed in all tables, in order to facilitate comparison. It will 
be seen that the fractionation procedure applied here is more likely to 
yield discrete fractions in which this ratio falls far behind that in the total 
nucleic acid than to yield fractions exceeding it. It cannot yet be decided 
whether this tendency is merely procedural or whether it denotes an actual 
bias in the distribution of fractions. As has been pointed out above, no 
indications of preferential losses during the fractionation were seen. 

A detailed consideration of the reasons underlying the fractionation 
procedure under discussion here is likely to prove rather fruitless at the 
present state of our knowledge. That nucleic acid chains relatively rich 
in guanyliec and cytidylic acids are detached more easily than those in 
which adenylic and thymidylic acids predominate indicates that some 
property inherent in their composition or sequence reduces the strength 
with which they are bound to the histone. Brown and Watson (13) have 
suggested, on the basis of Cavalieri’s work (20), that hydrogen bonding 
between the 2-amino group of guanine and a phosphate group of the sugar- 
phosphate back-bone of the nucleic acid could reduce the acidic properties 
of structures in which this type of interaction occurs frequently and thereby 
weaken the link between protein and nucleic acid. 

The experiments summarized in Table V demonstrate that, for fraction- 
ation into differently composed specimens to occur, the gradual extraction 
of the histone nucleate must take place under special conditions. No 
evidence of successful separation was obtained when the histone-nucleic 
acid complexes were, in the absence of a chloroform phase, subjected to 
the stepwise extraction with salt solutions of increasing strength. It is 
probable that under these conditions the presence in the extracts of rela- 
tively large quantities of undissociated nucleoprotein (1) obscures the 
fractionation. 

Attempts at the separation of nucleic acids on columns have heretofore 
proved disappointing in our hands. The present procedure has, despite 
its shortcomings, yielded quite consistent results, especially for fractiona- 

® The lack of pertinent information makes it impossible to decide whether the two 


nucleic acid fractions described by Bendich et al. (24), which were dissimilar in their 
metabolic history and in their solubility in isotonic saline, belong to this group. 
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tions on a preparatory scale, though a truly chromatographic procedure 
would doubtless be preferable for the characterization of small quantities. 
It would certainly be advantageous if gradient elution analysis could be 
applied, to remove the element of arbitrariness in the collection of fractions, 
and if less robust extraction methods were available. Another defect is of 
a more general nature and will probably not soon be remedied; the differ- 
entiation between nucleic acids on the basis of differences in the contents 
of their several nitrogenous constituents is a comparatively crude expedi- 
ent, since it does not permit a distinction between sequence variations that 
are not accompanied by a change in total composition. The number of 
possible nucleic acids having the same composition, but differing in the 
arrangement of their nucleotide constituents, is enormous (14). For this 
reason, it is not yet possible to decide whether two preparations isolated 
by the fractionation of nucleic acids of different origin, e.g. Fraction 1-I 
from calf thymus (Table I) and Fraction 7-I from pig liver (Table ITT), 
though almost identical in composition, resemble each other by any other 
criterion. It will be of interest to compare the behavior of such products 
when subjected to controlled enzymic (25, 26) or chemical (11, 27) degra- 
dation. Studies of this nature will be presented later. 

The conclusions from the studies outlined here must be of a provisional 
character. The fractional dissociation of histone-deoxypentose nucleic 
acid complexes leads, with few exceptions, to a series of fractions which 
exhibit both the differences and the regularities mentioned before.  Ref- 
erence may be made to a previous discussion (2) which concluded that 
there was little likelihood that one is dealing with artifacts. But since 
some decrease in viscosity can be observed during fractionation, it is possi- 
ble that very large aggregates are thereby separated into a few subunits. 

It is probable that the deoxypentose nucleic acid of a cell nucleus is 
composed of a very large number of differently constituted individuals and 
that the separation method applied here has achieved the resolution of this 
entire spectrum of structural gradations (descending contents of guanine 
and cytosine, ascending contents of adenine and thymine) into several 
distinct ‘‘bands.” 


SUMMARY 


In continuation of previous studies, the separation of deoxypentose 
nucleic acids into fractions differing in base composition, but preserving 
the previously noted regularities (molar ratios of unity for adenine to 
thymine, guanine to cytosine, and purines to pyrimidines), is described. 
The nucleic acids studied included those from tissues of ox, pig, and man, 
from sea-urchin sperm, and from coliphage T6. Thymus nucleohistone 
preparations and artificially prepared complexes with histone or globin 
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served as the starting material. Conditions governing the behavior of 
histone nucleates on stepwise extraction with salt solutions of increasing 
strength and the necessity of the presence of a deproteinizing chloroform 
phase for successful fractionation are considered. The procedure, applied 
to separation on a preparatory scale, vielded a series of successive fractions 
with diminishing concentrations of guanine and cytosine and rising con- 
centrations of adenine and thymine. ‘The paper ends with a discussion of 
some of the implications of these findings. 
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THE QUANTITATIVE DETERMINATION OF FRUCTOSE WITH 
SKATOLE AND HYDROCHLORIC ACID 


By BURTON M. POGELL* 


(From the Chemistry Section, Fourth Army Area Medical Laboratory, Brooke Army 
Medical Center, Fort Sam Houston, Texas) 


(Received for publication, May 3, 1954) 


Some studies on the metabolism of fructose in liver homogenates re- 
cently undertaken in this laboratory required a more accurate quantitative 
method for fructose estimation than those described previously. A survey 
of the literature revealed the possibility of the quantitative adaptation of 
the color reactions between ketoses and certain substituted indole de- 
rivatives. The formation of a purple color from the reaction between 
fructose and either tryptophan or skatole was reported by Jordan and 
Pryde (1), and this method was later extended in work by Malowan (2, 3). 
The reaction between fructose and skatole in concentrated hydrochloric 
acid proved to possess the sensitivity and reproducibility desired, and the 
details of the method developed are described below. 

At present, the most widely used method for ketose determination is the 
quantitative adaptation of the Seliwanoff reaction developed by Roe and 
coworkers (4, 5). The formation of the color at a lower temperature than 
is possible with the resorcinol test has eliminated certain difficulties ob- 
served with the Roe method. In both of these color reactions, one in- 
herent problem has been the increase in color intensity while the samples 
are being read in the spectrophotometer. This has been eliminated by 
reading the optical densities of the solutions in the various colorimeter 
tubes at timed intervals. In addition, the close agreement with Beer’s 
law obviates the need for a standard curve with each analysis. With the 
present method, a reproducibility between duplicates of +1 per cent was 
obtained. 

Reagents— 

Standard fructose solution. A 0.1 m fructose solution in water was pre- 
pared from reagent grade fructose, and small aliquots were stored in the 
frozen state. Immediately prior to use, a 1:100 dilution was prepared 
and suitable aliquots were taken. The standard was stable for at least 
a month when stored in this manner. 

0.04 per cent skatole. Skatole (Eastman Kodak) was twice recrystallized 
from 50 per cent ethanol with use of acid-washed charcoal. The color 


* First Lieutenant, Medical Service Corps, United States Army. 
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reagent was dissolved in 95 per cent ethanol and stored at 4°. This reagent 
is stable for several weeks. 

30 per cent hydrochloric acid. 5 parts of concentrated hydrochloric 
acid (A. C. 8. grade) were diluted with 1 part of water as described by Roe 
(4). 


Procedure 


The samples to be analyzed are placed in a volume of 1.0 ml. in individual 
colorimeter tubes. With each series, a reagent blank containing no fruc- 
tose and a fructose standard (7.c., 0.8 um) are included. 

The tubes are then placed in an ice bath, and 1.0 ml. of ice-cold 0.04 
per cent skatole is added to each with a volumetric pipette. 

An 8.0 ml. volume of ice-cold 30 per cent hydrochloric acid is then added 
to each sample. After mixing the contents, the stoppered tubes are placed 
individually at 30 second intervals in a water bath at 37° and heated for 
40 minutes. Until one becomes proficient with the method, longer time 
intervals should be employed. The color intensity of each tube is read 
against a water blank at 510 my at 30 second intervals in a spectropho- 
tometer located directly adjacent to the water bath. Mixing the contents 
of the tubes a few minutes before starting the readings serves to remove 
any air bubbles which may have formed. A Beckman model B spectro- 
photometer was employed in the present investigation. 

The reagent blank value is subtracted from each reading and the amount 
of fructose present calculated from the optical density of the standard. 


Results 


The relationship between fructose concentration and color formation is 
illustrated in Fig. | and shows good agreement with Beer’s law. ‘There 
is some color formed with skatole alone, and this amount must be sub- 
tracted from that of each sample. In general, reagent blanks produced an 
optical density of about 0.1. This color intensity also slowly increased 
with time, and therefore the tubes were read against a water blank, and 
the reagent blank reading was subtracted from that of the sample. A 
study of color formation with varying skatole concentrations showed that 
maximal color difference between the fructose sample and the skatole con- 
trol occurred at a concentration of 0.02 to 0.04 per cent skatole. Above 
this concentration, the blank value was much higher and the apparent 
fructose color decreased. 

The color produced in this reaction has a major peak at 510 my and a 
minor one at 400 my (Fig. 2). In this experiment, a reagent blank was 
run for each wave-length measured, and its reading was subtracted from 
that of the fructose sample. This reagent blank, reddish brown in ap- 
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pearance, produced approximately the same absorption from 400 to 560 
mu and then decreased in color intensity at higher wave-lengths. In pre- 
liminary experiments, tryptophan was tried in place of skatole, but the 
color intensity at lower temperatures was not of the magnitude desired, re- 
producible results were difficult to obtain, and non-linearity was observed 
except at higher temperatures. The spectrum with tryptophan was very 
similar to that with skatole. 


60 MIN.  OB3F 
INCUBATION ° 
> | 
/ \ 
| 
NCUBATION 

j 

Fee 

2 | 0.) 


| 
| | \y 
05 10 0400 600 
MICROMOLES OF FRUCTOSE WAVE LENGTH IN mu 
Fia. 1 Fic. 2 


Fig. 1. Effect of fructose concentration on color formation. Varying amounts of 
fructose were treated as described under ‘‘Procedure’’ for the times indicated. 

Fig. 2. Absorption spectrum of the fructose-skatole product. A series of tubes 
containing 0.7 um each of fructose was treated as described under ‘‘Procedure.’’ 
The incubation time was 41 minutes. See the text for details. 


The purple product formed from the fructose-skatole reaction is soluble 
on extraction in chloroform, but not in ether. With tryptophan, a dif- 
ferent product is formed, for this compound or these compounds are in- 
soluble in chloroform on extraction. A similar lack of solubility occurs 
with the fructose-resorcinol product. 

Some preliminary experiments on the nature of the purple product were 
undertaken by James W. Blankenship. A mixture of 2.74 gm. of fructose, 
2.0 gm. of skatole, 180 ml. of 83 per cent ethanol, and 240 ml. of 30 per cent 
hydrochloric acid was incubated for 4.5 hours at 37°. The final purple 
mixture was exhaustively extracted with chloroform and yielded 2.3 gm. 
of a purple solid, after removal of the solvent under a vacuum. Adsorption 
column chromatography of this substance with Celite and ethyl ether 
showed a fast moving red component which accounted for most of the 


nt 

‘1c 
Oe 

al 

4 | 
| 
or | 
1e | 
id | 
| 
ts | 
| 
| 
it 700 
is 

re 

in 

id 

A 

it | 

l- 

a 

is 

n 

)- 


146 DETERMINATION OF FRUCTOSE 


solid added, a trace of a slow moving purple component, and a dark gray 
component which remained at the top of the column. Elution of this last 
substance with absolute ethanol yielded a green-colored solid. 

The specificity of this reaction is dependent upon the difference in re- 
action rates of the various carbohydrates at different temperatures. Thus, 


TaBLe [ 
Specificity of Reaction of Various Carbohydrates with Skatole 


Compound Relative amounts of color 


formation 
100.0 
96.0 
* Compared on a molar basis. 
Taste II 
Recovery Experiments with Natural Products 
Fructose 
Experiment Per cent 
No. recovery 
Added Recovered 
perml. pst per mil. 
1 Mouse liver homogenate 10.0 10.1 101 
2 Oxalated Human Blood I Q7 
3 II 10.0 OLS OS 
4 Pooled human sera 10.0 9.3 93 
5 Urine 1.00 1.02 102 
6 


Fructose (0.7 wm) + glucose (3.5 um) 0.70 0.71 101 


— 


the higher the temperature, the greater is the amount of color formed from 
glucose relative to fructose. A low enough temperature was chosen, there- 
fore, so that sugars other than ketoses did not react significantly. At 37°, 
color formation linear with respect to time was obtained with 0.5 um of 
fructose present over a period of 2 hours. The relative amounts of color 
formation with several naturally occurring carbohydrates are given in 
Table I. These results were obtained with a 40 minute incubation period. 
Glucose reacted similarly with a 60 minute incubation. The purple color 
formed with sucrose was soluble on extraction in chloroform and is prob- 
ably produced from the fructose formed on acid hydrolysis. It has been 
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previously reported (3) that sorbose reacts in a qualitative manner simi- 
larly to fructose. Thus, the reaction appears to be very specific for ketoses. 

Several experiments on recovery of fructose from natural products are 
summarized in Table II. In Experiments 1 to 4, BaSO, precipitates were 
prepared (6), and thus only free sugars were present in the filtrates. With 
liver tissue and oxalated blood, the blank values were always very low and 
often almost identical with the skatole control. The urine sample, which 
was analyzed directly without preliminary decolorization as described in 
Roe’s earlier article (4), had a considerably higher blank. In Experiment 
5, the urine blank had a corrected optical density of 0.114 per ml. of sam- 
ple, and the urine plus fructose a corrected optical density of 0.467 per ml. 
of sample. At a concentration up to 5 times that of fructose, glucose did 
not appreciably interfere (Table II), but at higher ratios the amount of 
interference increased. With 0.7 um of fructose and 7.0 um of glucose, 
an error of +9 per cent was observed. 


SUMMARY 


A new quantitative method for fructose analysis is presented, based 
upon the purple color formed on reaction with skatole in hydrochloric acid. 


BIBLIOGRAPHY 


. Jordan, R. C., and Pryde, J., Biochem. J., 32, 279 (1938). 

. Malowan, L. 8., Biochim. et biophys. acta, 2, 95 (1948). 

. Malowan, L. 8., Biochim. et biophys. acta, 5, 147 (1950). 

. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 

. Roe, J. H., Epstein, J. H., and Goldstein, N. P., J. Biol. Chem., 178, 839 (1949). 
. Nelson, N., J. Biol. Chem., 158, 375 (1944). 


ay 
ist 
re- 
1s, 

| 

m 
of | 
in 
or 
b- 
eh 


(J 
u 
p 
1! 
p 
I 
di 
| tl 
tl 
| a 
fc 
| ow 
of 
| th 
om 
ie 
| m 
th 
of 
eC 
cle 
ot 
XUM 


STUDIES ON URIC ACID AND RELATED COMPOUNDS 


I. QUANTITATIVE DETERMINATION OF URIC ACID IN 
BIOLOGICAL FLUIDS 


By FELIX BERGMANN anv SHABTAY DIKSTEIN 


(From the Department of Pharmacology, The Hebrew University-Hadassah Medical 
School, Jerusalem, Israel) 


(Received for publication, May 17, 1954) 


The available methods of determination of uric acid can be divided into 
three main groups: (a) the direct determination of the reducing power of 
uric acid; (6) the coprecipitation of the uric acid or its adsorption on a 
precipitating material, dissolving the acid, and determination of its reduc- 
ing power; and (c) quantitative decomposition of uric acid by uricase. 

A survey of these methods has been given recently (1). The direct 
determination of the reducing power of uric acid is not specific at all, and 
the reaction is not stoichiometric. Therefore, slight variations in the 
preparation of the oxidizing reagent influence the results considerably. 
In addition, the non-linear relationship between concentration and optical 
density makes accurate measurement difficult. The method of precipita- 
tion is more specific, but again suffers from lack of a stoichiometric reac- 
tion in the final determination. The enzymatic determination is suffi- 
ciently specific and accurate (2), but requires exactly controlled conditions 
and new standards whenever the enzyme preparation is changed. There- 
fore the uricase method is not easy to handle and is unsuitable for routine 
work. None of the methods mentioned permits the quantitative analysis 
of substituted uric acids such as appear in serum and urine after inges- 
tion of xanthines. The only method applicable so far to this problem in- 
volves complicated counter-current extractions (3). 

The lack of a quick and reliable method for uric acid determination, 
especially in plasma analysis, led Peters and Van Slyke to make the state- 
ment (4) that “values given for uric acid of whole blood, or even plasma, 
must be accepted with reservations.”’ Likewise uric acid clearance has 
not yet been satisfactorily measured owing to the lack of ‘‘analytical 
methods of undoubted specificity and accuracy”’ (4). 

It is the purpose of this series of investigations to study quantitatively 
the clearance of uric acid, the metabolism of xanthines, and the influence 
of these substances or their metabolites on uric acid excretion. Undoubt- 
edly the most accurate analytical method for uric acid consists of the 
determination of the optical density at 290 my (5); however, numerous 
other metabolites absorb in this region, and, in urine, urochrome as well 
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as indoxyl derivatives prevent the application of this procedure. It there- 
fore appears necessary to remove uric acid selectively from biological fluids 
in order to apply the spectrophotometric determination. In the search 
for insoluble derivatives, our attention was focused on mercuric urate (6). 
Since the solubility product of this compound is greater than the concen- 
tration of mercuric ions, obtained by dissociation of mercuric chloride, it is 
possible to dissolve the precipitate of mercuric urate in sodium chloride. 
A method was developed which precipitates uric acid selectively in an acid 
medium, even in the presence of xanthines and methyl-substituted uric 
acids, which also form insoluble complexes but are soluble in an excess of 
the reagent used (see below). Therefore, these substances do not inter- 
fere with the determination of uric acid, provided that their concentration 
in plasma is below 0.2 mg. per ml. and in urine below 1 mg. per ml. 

An important prerequisite for the applicability of the procedure is appro- 
priate deproteinization, since part of the uric acid is easily lost by adsorp- 
tion on the protein precipitate if the details described below are not scrupu- 
lously followed. Since procedures requiring the use of heavy metals are 
precluded, and since our method involves precipitation of mercuric urate 
in acid medium, it is convenient to carry out deproteinization by an acidic 
reagent. The method of Neuberg and Strauss (7), which utilizes dilute 
perchloric acid, serves the purpose admirably. 

Materials— 

Solution 1, 0.1 mM mercuric acetate in 5 per cent acetic acid. 

Solution 2, 0.5 m sodium chloride in 1 per cent acetic acid. 

Solution 3, wash liquid for the precipitate. To 1 liter of 0.01 mM mercuric 
acetate in 1 per cent acetic acid is added a solution of 10 mg. of uric acid 
in water. The mixture is now heated for about 1 hour to 80-90° to com- 
plete precipitation and then left overnight. It is filtered and kept in a 
closed bottle. 

Solution 4, 10 per cent sodium tetraborate, Na2B,O;-10H2O in 7 per cent 
NaOH. Other reagents; 6 per cent perchloric acid, 3 per cent sodium 
tetraborate. 


Method for Determination of Uric Acid in Urine 


Protein-Free Urine-——Dilute the urine 50 times. Put 1 ml. of Solution 
1 into a centrifuge tube, kept in a gently boiling water bath, and, during 
4 minutes, add 4 ml. of the diluted urine dropwise with continuous swirling. 
Then heat the tube for 10 minutes and cool rapidly in ice water. Centri- 
fuge at 3000 r.p.m. for 10 minutes. The supernatant fluid is now decanted 
cautiously, the last part being removed with a small pipette, care being 
taken not to stir up the precipitate. The precipitate is dispersed in 5 ml. 
of Solution 3 and again centrifuged, and the supernatant fluid is removed 
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as before. Then 8 ml. of Solution 2 are added and the precipitate is dis- 
solved by shaking. If necessary, filter by gravity. The filtrate is read 
in a Beckman ultraviolet spectrophotometer at 290 mu. The optical 
density found, when multiplied by 1.55, gives the concentration of uric 
acid in mg. per ml. of undiluted urine. If the density is too high, Solution 
2 is used for further dilution, and the calculation is changed accordingly. 
If the initial concentration of uric acid is too small, the first dilution is 
diminished as required. 

Uric acid, at pH <4, exhibits its absorption maximum at 285 mp. How- 
ever, since the reagents used, and also possible contaminants which may 
accompany the precipitate, still absorb at this wave-length, we have se- 
lected 290 mu as the region in which the “background absorption” becomes 
negligible. 

Protein-Containing Urine—Dilute the urine five times, add 3 ml. of this 
dilution to 3 ml. of perchloric acid, and filter off the precipitate by gravity. 
The filtrate is diluted five times with borate. Put 1 ml. of Solution 1 into 
a centrifuge tube, kept in a gently boiling water bath, and add 4 ml. of the 
deproteinized dilution. Continue as before. 


Method for Determination of Uric Acid in Plasma 


Centrifuge 5 ml. of heparinized (or citrated, but not oxalated) blood for 
10 minutes and dilute the plasma 5-fold with water. To 10 ml. of per- 
chloric acid add 10 ml. of the diluted plasma drop by drop, with continuous 
swirling. Then heat to 60° for 5 minutes, cool in ice water, and filter by 
gravity. To 10 ml. of filtrate add 2.5 ml. of Solution 4, mix well, and take 
out 10 ml., to which add 2 ml. of Solution 1. Boil the mixture for 1 minute 
over an open flame and leave for 5 minutes in a gently boiling water bath. 
Then centrifuge at 3000 r.p.m. for 10 minutes and remove the supernatant 
fluid cautiously. The precipitate is dissolved in 8 ml. of Solution 2 and, 
if necessary, filtered by gravity. The optical density is determined as 
before and multiplied by 0.155 to convert it into mg. of uric acid per ml. 
of undiluted plasma. 

This procedure permits an accurate determination of a minimal concen- 
tration of 20 y per ml. of undiluted plasma. If lower values have to be 
measured, more plasma is taken initially, and the whole procedure is carried 
out with correspondingly larger volumes. ‘The final precipitate is again 
dissolved in 8 ml., and the factor calculated accordingly. 

When the presence of substituted xanthines or their metabolites can be 
excluded, it is not necessary to precipitate the uric acid from plasma, since 
we have observed that the deproteinized solution can usually be read 
directly. In this case, however, a blank value of 0.04 has to be deducted 
from the optical density. The optical density per microgram of uric acid 
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per ml. is 0.0645 at 290 my in 1 per cent acetic acid. Therefore, a final 
concentration of 2 y per ml. can be determined with an accuracy of +3 per 
cent. As shown in Table I, extinction is a linear function of concentra- 
tion within the range of 1 to 15 y per ml., the upper limit being set only by 
the instrument used. Since final readings are taken on a solution of pH 
<4.0, uric acid (pK = 5.8) is practically all in the form of the free acid. 


TaBLe 


Comparison of Uric Acid Determination by Hg and by Folin-Wu Method 


Hg method | Folin-Wu 
me. per wall. me. per mil. 
Original urine, undiluted.................. | 0.70 0.58 
Original urime.............. | 0.64 
after addition of 1 mg. per 
DISCUSSION 


The precipitation of uric acid via its mercuric derivative is specific and 
quantitative. The following substances did not change the uric acid 
values by more than +5 per cent, if their concentration just before the 
addition of mercuric acetate did not exceed 20 y per mJ.: 1- and 3-methy!l- 
uric acid, | ,3-dimethyluric acid, xanthine and its methylated derivatives, 
and all common barbiturates. 

It was also found that cysteine or glutathione is not precipitated in the 
presence of excess mercuric acetate and thus does not interfere with the 
determination of uric acid. 

The procedure is based on the observation that, among all related sub- 
stances, mercuric urate possesses by far the lowest solubility in excess of 
mercuric acetate in the presence of 1 per cent acetic acid. As shown in 
Table I, optical density is a linear function of concentration within the 
range readable on the instrument. The method has proved itself suitable 
for routine use in clinical laboratories. 


SUMMARY 


Uric acid can be determined quantitatively in biological fluids, even in 
the presence of xanthines and substituted uric acids, by selective precipi- 
tation as mercuric salt, redissolution in sodium chloride, and measurement 
of the optical density at 290 mu. 
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A ROLE OF ASPARTIC ACID IN PURINE BIOSYNTHESIS* 


By ALBERT J. WAHBA ann WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, April 14, 1954) 


The incorporation of isotopic nitrogen from N?!°-aspartic acid, N?!°-glu- 
tamic acid, or N'°(amide nitrogen)-glutamine into the nitrogens of the 
pyrimidine ring of hypoxanthine synthesized from glycine-1-C™ in pigeon 
liver extracts has been reported to be approximately equivalent to the 
incorporation of C™ from labeled glycine (1). It was proposed that bio- 
logical similarity of the transaminating dicarboxylic acids favors the prob- 
ability that these amino acids supplied the same nitrogen atom while the 
amide group of glutamine donated the other nitrogen atom of the pyrimi- 
dine ring of hypoxanthine (1). 

In the present investigation, aspartic acid or a biochemically related 
4-carbon compound has been found to be essential for purine biosynthesis 
in Lactobacillus arabinosus 17-5. The interrelationship is based upon the 
effect of purines on the aspartic acid requirement for growth and on cysteic 
acid inhibition of growth. 


EXPERIMENTAL 


Materials—The authors are indebted to Dr. C. G. Skinner for prepara- 
tions of cysteic acid obtained by the method of Gortner and Hoffman (2). 
5-Amino-4-imidazolecarboxamide was prepared as indicated previously (3) 
by the method of Windaus and Langenbeck (4). Other materials were 
obtained from standard commercial sources. 

Methods—-The medium and testing procedures were the same as those 
previously described (5), except that glutamic acid was omitted from the 
basal medium, and glutamine, 200 y per 5 ml. per assay tube, was added 
aseptically to the autoclaved assay. Other variations for different assays 
are indicated in the tabulated data. Solutions to be added aseptically 
were prepared by dissolving the proper amount of the compound in sterile 
water. 


Results 


Purines and pyrimidines have a slightly stimulatory effect on the rate 
of growth of L. arabinosus 17-5 in a medium containing aspartic acid, but 
* From a thesis submitted by Albert J. Wahba to the Graduate School, The Uni- 


versity of Texas, in partial fulfilment of the requirements for the degree of Master of 
Arts, January, 1954. 
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the organism does not require either purines or pyrimidines for growth 
under these conditions. However, the organism requires either aspartic 
acid or supplements of a purine and uracil for growth under the conditions 
indicated in Table IT. Sodium bicarbonate in moderate amounts replaces 
aspartic acid in promoting growth of the organism in the absence of sup- 
plements of a purine and uracil, and 5-amino-4-imidazolecarboxamide 


TABLE 
Replacement of Purines and Uracil by Aspartic Acid and Sodium Bicarbonate 
Test organism, L. arabinosus 17-5, incubated 36 hours at 30°. Column A without 
uracil supplement ; Column B with uracil (20 y per 5 ml.). 


Galvanometer readings 


Supplements 
2 24 | | 
5 8 | 47 | 4; 
10 10-56 34 7 | 40 
20 ll | 62 39 2 62 
50 60 50 66 8 
100 63 65 | 74 
200 | | | 6 
500 | | | | : | 43 | 58 
1000 | | | | | | | 58 58 


* Adenine, guanine, uracil, and aspartic acid omitted from basal medium. 
t Added aseptically to sterilized medium. 


replaces the purine but not the uracil in promoting growth in the absence 
of exogenous aspartic acid. 

Although a purine-pyrimidine supplement replaces aspartic acid on long 
incubation, as indicated in Table I, the supplement exerts only a sparing 
effect on the aspartic acid requirement during shorter incubation periods. 
Since aspartic acid has previously been interrelated to the biosynthesis of 
threonine, lysine, and uracil in this organism (5, 6), the effect of a purine 
supplement (adenine and guanine) in various combinations with these 
metabolites on the aspartic acid requirement for growth in the presence 
and absence of biotin supplements, on the biotin and bicarbonate require- 
ment for growth in the absence of aspartic acid supplements, and on cysteic 
acid inhibition of the utilization of aspartic acid was determined. 
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The effect of purines, uracil, lysine, and threonine on the aspartic acid 
requirement, both in biotin-supplemented and in biotin-deficient medium, 
is indicated in Table IT. Purines alone or in the presence of various com- 
binations of uracil, lysine, and threonine decrease the amount of aspartic 


TABLE II 
Effect of Purines, Uracil, Lysine, and Threonine on Aspartic Acid Requirement 
Test organism, L. arabinosus 17-5, incubated 23 hours at 30°. 


| Supplements* 


| 
T L, T,,U, L, U, L, 


pi-Aspartic | L | 


acid, y per |None| P | U |U,P| L T Pp’ 


| Galvanometer readings 


0 4; 3; 4); 3 | 4; 4); 4} 3; 3; 4] 4] 44] 34f 
5 3 8 3 19 16 5 | 64 
10 6 8 7 10; 4} 9, 4); 36, 5) 31 10 | 68 
20 10; 4;18; 20; 29; 9 | 49 | 10 | 48 | 21 | 70 
50 8 2310 40 14° 35° 14 | 28 | 59 | 29 | 60) 28 | 63 | 52 
100 22 | 42 | 34 56 338) 58 49 | 59 | 48 | 65 55 | 66 «60 | 71 | 
200 47 56 | 54 | 66 54 | 67 «60 | (66 66 69 | 75 | 70 


Biotin-deficient mediumft 


6 5 5| 6;11| 6|10| 4| 7] 8} 14 
50 | 4| 9/13} 9/12] 7) 10} 14 | 19| 13 | 18 | 10 | 15 | 17 | 26 
100-12) 19 | 23 19-2 15 | 2 2k | 32) 23 31-21 39 
200 | 27 29 | 35 | 31 | 34 | 29 | 37 | 36 | 43 | 36 | 46 | 34 | 40 | 42 | 50 
| 55 54 60 58 | 65 55 60 | 63 66 


* Aspartic acid, uracil, purines, lysine, and threonine omitted from basal medium; 
aspartic acid added as indicated; supplements of purines (P), 20 y each of adenine 
and guanine; uracil (U), 20 y; pit-threonine (T), 200 7; pi-lysine (L), 200 y, added 
per 5 ml. of culture as indicated. 

t+ 1 y and 2y of aspartic acid read 43 and 55, respectively. 

t Separate test; biotin omitted from basal medium; supplement of Tween 80, 5 
mg. per 5 ml., added; organism incubated 26 hours at 30°. 


acid necessary for growth. Each metabolite exerts an effect alone, com- 
binations of two metabolites are more effective than any one, combinations 
of three are still more effective than any two, and all four metabolites to- 
gether exert the greatest sparing effect on the aspartic acid requirement. 
The magnitude of the sparing action exerted by these metabolites is greater 
in the biotin-supplemented than in the biotin-deficient medium, while the 
total amount of aspartic acid required for growth is greater in the biotin- 
deficient medium than in the biotin-supplemented medium. 
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Since both biotin and bicarbonate are involved in the biosynthesis of 
aspartic acid in L. arabinosus, the sparing actions of purines, uracil, lysine, 


TABLE III 
Effect of Purines, Uracil, Lysine, and Threonine on Biotin and Bicarbonate 
Requirements for Replacement of Aspartic Acid 
Test organism, L. arabinosus 17-5, incubated 25 hours at 30°. 


Supplements* 
Sodium bi- | | | | | | | | | | | | | | | 
U, L, | U, L, Be U, L, U,L, 
P | U P | L P | T P L | P P Pp’ oT T, 
Galvanometer readings 
0 4 4 4 3 4 4 4 3 | 4 3 | 4 7 4 6 | 4) 25f 
100 4 4 5 3 15; 5 15) 5 | 66 
200 5 3; 4; 5] 4] 8 6 24} 8/28) 7 68 
500 6/15) 41] 14) 10) 12 |} 32} 10) 53 | 20 | 61 | 31 | 66 | 45 74 
750 12; 19 | 12 | 49 | 12 | 37 | 15 | 52 | 33 | 67 | 32 | 67 | 53 | 71 «| 61 
1000 15 | 35 | 21 | 53 | 24 | 54 | 22 | 64 | 35 | 69 | 39 | 69 | 57 | 72 | 64 
2000 20 | 48 | 37 | 66 | 40 32 
Biotin,§ 
gm. 
per 5 ml. 


0.0 | 6| 8| 8/12} 7} 11) 7] 13] 20] 10} 17] 11 | 16 | 15 | 27 

| 15 | 18 | 18 | 23 | 13 19 | 20 30:16 | 19 | 23 | 28 | 39 
26 | 22 | 25 | 28 | 38 | 18 | 37 | 27 | 27 | 34 | 46 
28 | 35 | 36 | 45 | 34 | 48 | 33 | 46 | 42 | 59 
47 42 49 | 56 | 60 | 52, 58 | 49 | 64 | 56 | 70 


0.5 24 | 36 | 32 | 52 | 45 
1 28 388 44) 62) 56 57 | 52) 60 64 | 69 60 68 | 56 70 | 62 
5 38 | 50 | 46 | 63 | 57 64 | 57 | 64 | 69 76 660 74) 64 


ote 


* Aspartic acid, purines, uracil, lysine, and threonine omitted from basal medium; 
supplements of purines (P), 20 y each of adenine and guanine; uracil (U), 20 7; pL- 
lysine (L), 200 y; and pi-threonine (T), 200 y, added as indicated. 

t Added aseptically to sterilized medium. 

t 5, 10, 20, and 50 y of sodium bicarbonate read 48, 56, 58, and 65, respectively. 

§ Separate test, biotin omitted from basal medium, and supplements of sodium 
bicarbonate (2 mg. per 5 ml.) and Tween SO (5 mg. per 5 ml.) added; test organism 
incubated 24 hours at 30°. 


and threonine on the bicarbonate and biotin requirements of the organism 
in the absence of aspartic acid supplements were determined as indicated in 
Table III. In the absence of all four metabolites of aspartic acid, the 
amount of bicarbonate necessary for maximal growth exceeds 2 mg. per 
5 ml.; however, partial growth is obtained, and the sparing effects of the 
metabolites on both bicarbonate and biotin under these conditions parallel 
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Effect of Purines, Uracil, Lysine, and Threonine on Toxicity of Cysteie Acid 


Test organism, L. arabinosus 17-5, incubated 24 hours at 30°. 


! 
L-Cysteic 


acid, mg. 
per 5 ml. 


‘None’ P | U L 
0 45 50 60 65 64 
0.2 34 41 46 56 46 
0.5 | 25 | 28 42 | 48 39 
1 | 17 | 20 | 34 | 35) 
2 | 7] 19] 2 | 13 | 
10 
20 | 


| 


Galvanometer readings; supplements* 


»T, L,T, U,L, U,L, 


P 
(66 «69 73) «69 73) O75 
49 35 | 41 | 50 66 | 52 | 62 | 54 57 | G1 | 75 
39 25 39 42/60 45 | 55 41 | 52) 59 | 73 
2315 28 54 33/47 24 51 69 
7 6 10) 8/30, 10,25 9 30 23) 61 
2; 4] 8| 4] 6] 4] 6; 49 


* Purines, uracil, lysine, and threonine omitted from basal medium; supplements 
of purines (P), 20 y each of adenine and guanine; uracil (U), 20 y; pi-lysine (L), 
200 y; and pi-threonine (T) (200 y), added as indicated. p.i-Aspartic acid (200 + per 
5 ml.) in basal media. 


Test organism, L. arabinosus 17-5, incubated 25 hours at 30°. 


L-Cysteic 
acid, mg. 
per 5 ml. 


100 


| 


| 


TABLE V 


Comparative Effect of Purines on Cystete Acid Inhibition 


L-Aspartic | 


acid, y per | 


Sml. | 


500 
500 
500 


Adenine 


74 


40 
13 
3 


Galvanometer readings; supplements* 


Biotin 


| Adenine Hypo- 


and xan- 


Guanine 
guanine’ thine 


73 


73 73 
5966 60 
47 | 55 
15 47 23 
4 18 9 
76 76 76 
68 | 72 69 
560 
41 | 52 42 
2 


None 


| 


20 
IS 
4 


39 
39 
20 


48 
45 
39 
19 


3 


| 
Adenine Guanine 


Tween 80 


Adenine Hypo- 
and xan- 


guanine’ thine 
39 40 40 
37 37 | 38 
36 |. 35 | 37 
22 Si 
8 
3 
52 | 
49 49 | 50 
48 46 48 
37 39 | 40 
12 20 | 13 
3 4 4 


* Aspartic acid, biotin, and purines omitted from basal medium; aspartic acid 
added as indicated; supplements of adenine, guanine, and hypoxanthine (20 y per 
5 ml.), biotin (0.1 y per 5 ml.), and Tween SO (5 mg. per 5 ml.), added as indicated. 


of 
Le, 
| 
| 0 200 68 | 73 | a | 
2 200 40 | 57 | | 
L- 5 200 16 | 48 | 
| 10 200) gS | 29 | 
200) 3/1 16 | 
50 200 3 4 | | 3 
| | | 
5 500 S| 66 | | 
10 500 | 54 | | | 
n | 20 4 | | | 
50 2 | 
T 
e 
| 
XUM 
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these effects on the amount of aspartic acid required for growth. Each 
metabolite exerts an effect in the absence or presence of the other metab- 
olites. 

In order to eliminate the possibility of any influence of purines on the 
biosynthesis of aspartic acid asa contributing factor, the reversing actions 
of purines, uracil, lysine, and threonine on cysteic acid inhibition of aspartic 
acid utilization were studied in the presence of relatively high concentra- 
tions of aspartic acid (200 y) as indicated in Table IV. Each metabolite 
exerts a slight reversing action alone and supplements the reversing action 
of various combinations of the other metabolites analogous to the sparing 
effects on the aspartic acid requirement. As indicated in Table V, sup- 
plements of adenine, guanine, a mixture of adenine and guanine, or hypo- 
xanthine increased 2-fold or slightly more the inhibition index of cysteic 
acid determined at two different concentrations of aspartic acid in both 
biotin-supplemented and biotin-deficient media. 


DISCUSSION 


The effect of purines and the purine precursor, 5-amino-4-imidazolecar- 
boxamide, on the aspartic acid requirement and on cysteic acid inhibition 
of L. arabinosus 17-5 suggests an essential réle of this amino acid in the 
biosynthesis of purines at a stage prior to the incorporation of the 2-carbon. 
Since a combination of bicarbonate and biotin replaces the aspartic acid 
requirement for biosynthesis of purines, a 4-carbon unit and not amino 
nitrogen appears to be the limiting factor in the biosynthesis of purines 
under these conditions. The specific réle of this 4-carbon unit could be the 
formation of aspartic acid, or a related derivative, transferring nitrogen to 
the | or 3 position of purines with the loss of an active 4-carbon unit in the 
process or that of an intermediate in the incorporation of carbon dioxide 
into the 6 position of purines or both. The latter would account for the 
effect of biotin deficiency upon this transfer (7, 8). Such a transfer of the 
4-carbon of aspartic acid or its related 4-carbon precursor could occur either 
indirectly or by direct condensation with a 2-carbon unit derived from 
glycine, followed by a loss of a 3-carbon unit at a subsequent stage in the 
biosynthesis. The effect of a limited supply of carbon dioxide in decreas- 
ing the biosynthesis of inosinic acid in pigeon liver preparations (9) may 
possibly involve a 4-carbon unit as indicated above or direct incorporation 
of carbon dioxide into the purine derivative. 

Thus aspartic acid or a 4-carbon intermediate derived by a carboxylation 
reaction involving biotin is involved not only in the biosynthesis of threo- 
nine, lysine, and pyrimidines but also in the biosynthesis of purines. Since 
each of these metabolites exerts an effect on the aspartic acid requirement 
and on the toxicity of cysteic acid independently of the presence of the 
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other metabolites, each metabolite conserves the available active 4-carbon 
intermediate for the biosynthesis of the other metabolites presumably by 
preventing its own biosynthesis from aspartic acid. However, the possi- 
bility of other interrelationships existing among these products and the 
possibility of common intermediates formed from partially reversible re- 
actions involved in these biosyntheses cannot be excluded as contributing 
factors to these effects. That the effect of some of the metabolites and a 
combination of all of the metabolites in sparing aspartic acid in the presence 
of biotin is greater than those in the biotin-deficient medium suggests that 
some of these metabolites have a réle in the biosynthesis of aspartic acid 
through the carboxylation reaction involving biotin. 


SUMMARY 


The effect of purines and 5-amino-4-imidazolecarboxamide in sparing the 
aspartic acid requirement for growth and on cysteic acid inhibition of as- 
partic acid utilization in Lactobacillus arabinosus 17-5 indicates a réle of 
aspartic acid in the biosynthesis of purines at a stage prior to the incorpora- 
tion of the 2-carbon. 

Since bicarbonate in the presence of exogenous biotin replaces aspartic 
acid in the biosynthesis of purines, a 4-carbon unit rather than amino ni- 
trogen is the limiting factor for purine biosynthesis in L. arabinosus 17-5. 
The specific function of the 4-carbon unit may be either the transfer of 
nitrogen into the 1 or 3 position of purine or that of an intermediate in the 
transfer of carbon dioxide into the 6 position of purines, or both. 
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STUDIES ON LIPIDE ANTICOAGULANTS 
I. ASSAYS IN VITRO 


By CHARLES W. MUSHETT, DALE P. J. GOLDSMITH, anp 
KANE L. KELLEY 


(From the Merck Institute for Therapeutic Research and the Chemical Division 
of Merck & Co., Inc., Rahway, New Jersey) 


(Received for publication, May 27, 1954) 


Tocantins, in the course of investigations on the clotting behavior of 
normal and hemophilic plasma, isolated lipide-like anticoagulants from 
blood, human brain matter, and other tissues (1, 2). His data indicate 
that anticoagulants of this type may play an important rdéle in the natural 
physiology of circulation. Studies by us on the isolation and characteriza- 
tion of anticoagulants of this nature from various lipide materials are 
described in a subsequent paper (3). The present report discusses the 
assays in vitro employed in these studies. 


Assays 


Two types of assays were employed for the determination of anticoagu- 
lant activity. In the initial phase of the work, lipide samples were tested 
as emulsions (‘‘Emulsion assay’’), but as purification proceeded and soluble 
samples were obtained, the assay was modified accordingly (‘‘Solution 
assay’’). 

Thromboplastin— Rabbit brain was extracted with acetone essentially 
according to the method of Quick (4). The dehydrated rabbit brain 
(5 gm.) was stirred for 10 minutes at 55° with 250 ml. of 0.85 per cent 
sodium chloride solution and centrifuged at 1500 r.p.m. for 7 minutes. 
The supernatant solution was subdivided into ampules, quickly frozen, 
and stored in a dry ice chest. As required, material was thawed at room 
temperature and used directly. In order to insure equivalent activities, 
new thromboplastin preparations were compared with older ones by meas- 
uring their activity at various concentrations and by assaying them against 
a standard lipide anticoagulant. Thromboplastin samples remained stable 
in the frozen state for at least 5 months (Table I). 

Plasma—Citrated plasma was prepared from blood collected from a 
group of several healthy dogs with silicone-coated syringes and needles by 
the general method of Tocantins (5), with the use of paraffin-lined cen- 
trifuge tubes. The pooled plasma was subdivided into glass ampules, 
lyophilized shortly thereafter, and stored in the dry ice chest. Other 
containers and coated vessels examined were found unsuitable for storage. 
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For use, the material was reconstituted with distilled water to its original 
volume and kept in paraffin-lined test-tubes. Plasma treated in this 
manner remained stable for at least 4 months (Table II). 

General Assay Procedure'—-The activated clotting time values for all 
samples, whether emulsified or rendered soluble, were determined in the 
same manner. The test was carried out by mixing quickly, in a 16 X 60 


TaBLe I 
Comparative Activities of Two Thromboplastin (TP) Samples, Fresh and Aged 


Serial dilution* Phospholipide assayt 
Clotting time | Clotting time 
| . | phospholipide TP-2 
| | Ad | 
ger cand sec. sec sec. sec per cent | sec sec 
100 12 12 13 11 0.375 S3 SI 
SO 14 13 14 12 | 0.188 7 50 
60 13 15 14 13 0.094 28 36 
40 | 18 15 16 | 13 0.047 Is | 16 
20 17 16 19 | 14 | 
5 | 26 26 3 | | | 
1.25 | 499 | 4 | #4 | S&L | | 


| | ! 


Thromboplastin prepared and stored as described in the experimental section. 

* Standard control assay, with TP at various dilutions of its normal concentra- 
tion 100 percent. TP is thromboplastin as prepared orthawed from the frozen state; 
other values obtained by dilution of 100 per cent TP with 0.85 per cent saline. TP-1, 
aged 5 weeks, and TP-2 were run on the same day, with the same plasma sample. 

7 Standard solution assays with standard plasma and phospholipide samples; 
TP-1 was used as thawed after storage in the frozen state 5 weeks; TP-2 was used as 
freshly prepared ; the variations between the clotting time values for the two samples 
are not significant. 


mm. collodion-lined test-tube, in the order given, 0.1 ml. amounts of 0.025 
M CaCl, solution, thromboplastin solution, inhibitor preparation (or for 
the control assay, 0.85 per cent sodium chloride solution), and plasma, and 
agitating gently at 37.5°. A collodion-lined pipette was employed for the 
plasma, ordinary pipettes for the other reagents. Clotting time was 
measured from the addition of plasma to the formation of a solid clot. 
The determination was repeated in triplicate and the coagulation times, 

' The term ‘“‘concentration”’ in this work refers to the concentration of the lipide 


solution or emulsion before addition to the assay mixture. The concentration of 
lipide in the final assay mixture is one-quarter of this. 
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which usually checked within 10 per cent, were averaged. The activated 
clotting time for the control assay was 11 to 12.5 seconds. 

Emulsion Assay—-A sample of lipide anticoagulant was mixed in a 
mortar with sufficient 0.85 per cent sodium chloride solution to prepare a 
3 per cent emulsion, then passed through a hand homogenizer eight times, 
neutralized, and assayed. If coagulation did not occur within 300 seconds, 
assays were run in less concentrated emulsions prepared with saline as the 
diluent. Additional homogenization, when required, was achieved by 


Il 
Stability of Stored Plasma 


Plasma prepared and stored as described in the experimental section. At inter- 
vals noted, solution assays were carried out on two standard phospholipide samples 
with the plasma as prepared or reconstituted and with a standard thromboplastin 
preparation. The variations in the evaluated and relative activities appear random 
and indicate no change in the plasma. 


Evaluated activity, 
units per mg. 
| 


Duration of storage | ‘Phospholipi | 
| Sample 1 | Sample 2 | 
| | 
Plasma after lyophilization.................. ee. | & | 1.34 
Maximal variation in 4 mos.,%......... | 24.6 | 26.2 31.4 


means of ultrasonic oscillation (“ultra-sonorator,’”’ Crystalab) with water 
cooling, at a frequency of 700 ke. Since the activity of emulsified samples 
has been shown to be influenced by the state of dispersion (6), a method 
of measuring this seemed desirable. The counting of various sized parti- 
cles in emulsions was found impracticable for routine use. A substitute 
means of estimating particle size, and thus the degree of dispersion, was 
afforded by the measurement of light transmission, since the optical den- 
sity of an emulsion is largely dependent on the size of lipide particles pres- 
ent. The light transmission of a 1:10 saline dilution of the test emulsion 
was measured in a Lumetron colorimeter (Photovolt Corporation) at 650 
mu, distilled water being used as the blank. Constant conditions of hand 
homogenization or ultrasonic oscillation did not produce the same degree 
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of dispersion. The light transmission values of samples following hand A 
homogenization varied from 16 to 90 per cent, indicating a marked dif- “ 
ference in their ease of emulsification. lo 

Activity was recorded as the ratio of the clotting time of the unknown a 
sample to that of a standard emulsified sample of equal concentration, at tt 
equivalent light transmission. For this purpose, a curve of clotting time -s 
versus light transmission was prepared for the standard sample by assaying ” 
it after various periods of ultrasonic oscillation (Fig. 1). An unknown * 
fraction at 3 per cent concentration, with a light transmission value of 57 T 
per cent, which brings about a clotting time of 70 seconds, would be caleu- tk 

200Fr 
ra 
180r 
$3 
uy 
2 
30 40 50 60 70 80 90 ac 

Fig. 1. Relationship of coagulation time and light transmission of the standard (I 
sample at 3 per cent concentration following ultrasonic oscillation. me 
lated to have one-half the activity of the standard sample shown in Fig. | 
(7.e. 70/140 = 4). Selected samples could be evaluated in more detail by 
subjecting them to ultrasonic oscillation and comparing their activity at - 
several different light transmission values with the standard. a 

Solution Assay-—A 0.375 per cent solution of lipide inhibitor was pre- It 
pared in 0.85 per cent sodium chloride solution and adjusted with NaOH - 
to pH 8.5. Maximal clearing of the samples occurred at this pH and no "a 
deleterious effect on activity was noted. Ultrasonic oscillation of such 
cleared samples did not enhance anticoagulant activity, indicating that 
solution was complete. 

Each soluble sample was assayed as prepared (0.375 per cent) and also fa 
at 0.188, 0.094, and 0.047 per cent concentrations, prepared by dilution of ot 
the original sample with saline. When necessary, different dilutions were - 
used to obtain clotting time values within the range of 20 to 100 seconds. di 
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A standard sample was run with each set of unknowns in the same manner 
and its observed clotting times were plotted against concentrations on 
log-log paper. The concentrations of the standard sample which gave 
the same clotting time values as observed for a particular unknown were 
then read from the graph, and the ratio, the concentration of the standard 
to the concentration of the unknown, was calculated for each clotting time 
value. These ratios were averaged and multiplied by the activity of the 
standard sample to obtain the activity of the unknown sample (Fig. 2). 
The maximal variation between two individual assays in a series was of 
the order of 25 per cent. 


© UNKNOWN SAMPL 
© STANDARD SAMPL 
WwW 
= 
2 


CONCENTRATION - PER CENT 


Fig. 2. hstimation of the anticoagulant activity of a soluble phospholipide sample- 
Coagulation times observed at various concentrations for the standard and the un- 
known samples are indicated by points on the curves. The standard has 50 units of 
activity per mg. At coagulation times, 78, 46, 29, and 20 seconds, the ratios of the 
concentrations of the standard to the unknown samples are, respectively, 0.42:0.375 
(1.12:1), 0.23:0.188 (1.22:1), 0.115:0.094 (1.22:1), and 0.06:0.047 (1.28:1); average, 
1.21:1. The unknown, therefore, has 1.21 K 50 = 61 units of antithromboplastic 
activity per mg. 


A standard beef brain sample (3) was found to be about 2.5 times as. 
active as the Jefferson “standard human brain inhibitor” which contained 
20 units of antithromboplastic activity per mg. according to Tocantins (6). 
It was therefore assigned an activity of 50 units of antithromboplastic 
activity per mg., and was used as the reference standard for both the emul- 
sion and the solution assay. 


DISCUSSION 


The assay in vitro of lipide anticoagulants is influenced by a variety of 
factors which must be controlled carefully if reproducible results are to be 
obtained. These include types of surfaces with which the plasma comes 
in contact, variations in the plasma and thromboplastin, and the state of 
dispersion of the lipide sample. Tocantins has discussed the problem of 
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surfaces in regard to coagulation (6, 7) and accordingly paraffin- or silicone: 
coated equipment was used in this work whenever plasma was handled. 
The one exception to this was the use of glass ampules for plasma storage. 
since these were found satisfactory under the conditions employed. 

Variations due to differences in plasma and thromboplastin were reduced 
by the use, over extended periods of time, of aliquots from single prepara- 
tions of these. Thromboplastin in the frozen state and plasma in the 
lyophilized state remained stable for 4 to 5 months. 

The state of dispersion of the lipide sample prior to addition to the test 
mixture is critical in measurements of this type. Activities of emulsified 
fractions vary inversely with particle size and are thus affected by both 
the extent (6) and the ease of homogenization. Because of this factor, 
equivalent homogenization conditions do not necessarily produce equiva- 
lent emulsions. The state of dispersion, as indicated by light transmission 
measurements, was taken into account, therefore, in calculating the rela- 
tive activity between emulsified samples. Since the influence of particle 
size was negligible in the case of water-soluble samples, these could be 
assayed in a more direct manner. The solution assay made possible the 
determination of differences in activity between samples of 25 to 30 per 
cent. Even though emulsified preparations did not lend themselves 
readily to the estimation of differences of this magnitude, the emulsion 
assay nevertheless was found satisfactory for the screening of cruder 
samples. 

SUMMARY 


Assays in vitro for lipide type anticoagulants are outlined and some of 
the variables involved are discussed. The precise assay of emulsified 
samples is somewhat difficult, but reproducible results can be obtained 
with soluble samples under standardized conditions. 


The authors wish to thank Dr. L. M. Tocantins of the Jefferson Medical 
College and Hospital, Philadelphia, Pennsylvania, for his interest and 
advice in this work and for a sample of the Jefferson ‘‘standard human 
brain inhibitor.” 
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STUDIES ON LIPIDE ANTICOAGULANTS 
Il. ISOLATION PROCEDURES 


By DALE P. J. GOLDSMITH ann CHARLES W. MUSHETT 


(From the Chemical Division of Merck & Co., Inc., and the Merck Institute for 
Therapeutic Research, Rahway, New Jersey) 


(Received for publication, May 27, 1954) 


Tocantins and coworkers have indicated that lipide anticoagulants may 
be obtained from various human and animal tissues (1, 2). This report 
describes studies on the isolation and characterization of anticoagulants of 
a similar nature from fresh beef brain, BSC lipides,' and several other 
materials. At the present stage of purification these anticoagulants are 
non-dialyzable, water-soluble, acidic complexes of phosphatide-like com- 
position with 2.5 to 3.5 per cent of the activity of heparin. 


EXPERIMENTAL 


Analytical Methods-—The assay methods in vitro are discussed in the 
preceding paper (3). The activities of all fractions were obtained by 
comparison with a reference standard beef brain sample (fresh beef brain 
Fraction A), which was assigned an activity of 50 units per mg. The 
emulsion assay was used for fractions prior to Fraction A and the solution 
assay for subsequent fractions, unless otherwise noted (3). 

Analytical values for total C, H, N, 8, P, and sulfated ash were deter- 
mined on the lipides by the usual methods (4). In addition, 1 gm. of the 
lipide was hydrolyzed with boiling 6 N HCI for 18 hours and then extracted 
with chloroform and petroleum ether. The combined organic extracts 
were evaporated to dryness as the “organic soluble”’ and assayed for total 
nitrogen, which may be due to sphingosine (5). Aliquots of the aqueous 
layer were assayed for nitrous acid nitrogen by the Van Slyke method (4), 
ninhydrin nitrogen (6), choline (7), and inositol. Inositol was determined 
by a microbiological assay procedure with Saccharomyces cerevisiae as the 
organism. This procedure had a precision of about 50 per cent as deter- 
mined by control assays. An aliquot of the lipide was also hydrolyzed 
with boiling 0.6 N H.SO, for 7 hours, extracted with chloroform and petro- 
leum ether, and the water layer assayed for reducing sugars by a modifica- 
tion of the method of Somogyi (8), the sugars present being calculated as 
dextrose. 


‘Armour and Company, extract of beef spinal cord after removal of cholesterol, 
containing sphingomyelin and other phosphatides and cerebrosides. KSC lipides 
themselves contained 15 units of activity per mg. 
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Purification of Anticoagulant—Purification efforts were concentrated on 
crude anticoagulant obtained by the cold methanol extraction method of 
Tocantins ef al. (1). Several other extraction methods did not yield a 
crude anticoagulant which was superior to that obtained by the cold metha- 
nol procedure. Of a large number of fractionation methods applied to the 
crude extract, those described below gave the most active products. All 
fractionations were carried out at room temperature unless otherwise 
noted, evaporations were conducted at less than 40°, and samples were 
stored under nitrogen at 0-5°. Yields are based on the weight of material 
extracted, including any water or cholesterol. 

Fresh frozen beef brains, BSC lipides, Alcolec,? fresh beef spinal cord, 
and “brain substance, granular,’’® were freed of any water and cholesterol 
by extraction with acetone. They were then extracted with cold methanol 
and the methanol extract was freed of ether-insoluble impurities by the 
method of Tocantins et al. (1). 

The methanol-soluble, ether-soluble fraction obtained in this manner 
(15 to 25 units of activity per mg.) was stirred with 5 ml. per gm. of abso- 
lute ethanol overnight, after which the alcohol was decanted and the 
insoluble residue taken up in 1.5 ml. per gm. of absolute ether and treated 
with 4 ml. per gm. of absolute ethanol. After 1 hour, the supernatant 
fluid was decanted and the residue dried. This residue was dissolved in 
8 ml. per gm. of chloroform and tieated successively with 9.1, 2.7, and 25 
ml. per gm. of absolute ethanol, the precipitates after cach addition being 
collected as Fractions 1, 2, and 3, respectively. Fraction 3 was then 
dialyzed (cellulose casing) as an emulsion in water to remove inactive 
soluble components. The supernatant fluid from Fraction 3 was evap- 
orated to 0.5 volume and allowed to stand at 0-5° overnight. The clear 
upper layer was decanted and evaporated (Fraction 5), and the residue 
collected as Fraction 4. This chloroform-ethanol separation is an adapta- 
tion of the Folch (10) procedure. Fractions 1 to 4 correspond to Folch’s 
Fractions I to IV, and Fraction 5 to his Fraction V plus a residue. Yields 
and activities for Fractions | to 5 for the five materials fractionated are 
given in Table I. All side fractions contained little or no activity.  Al- 
colec, fresh beef spinal cord, and “brain substance, granular,’’ were not 
investigated further. 

Fraction 3 from both fresh brains and BSC lipides was emulsified in 10 
volumes of water and treated with 5 volumes of | nN HCl. The mixture 
was centrifuged and the precipitate, after washing with | N HCl, was sus- 
pended in distilled water and dialyzed for 5 days against distilled water 

? American Lecithin Company, Inc., soy bean lecithin, unbleached, plastic con 
sistency. This material contains components other than phosphatidylcholine (9). 

’ Armour and Company, undefatted dried brain powder from cattle. 
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at O-5° in cellulose casing. The inactive dialysate was discarded and the 
sac contents lyophilized (Fraction A). Fraction A was then stirred over- 
night with 40 ml. per gm. of acetone. The acetone was decanted and the 
extraction repeated. The combined acetone extracts contained only a 
small amount of activity. The acetone-insoluble material was collected 
and dried as Fraction B. 

A counter-current distribution system was prepared by equilibrating 
95 per cent methanol with hexane. Preliminary counter-current distribu- 
tion studies on aliquots of brain Fraction B in an eight plate system, 10 
ml. of each solvent per gm. of lipide per plate, indicated that the mass of 


TaBLe I 
Yields and Activities of Lipide Anticoagulant Fractions 


cai Fresh beef brains | BSC lipides | Alcolec spinal cord | “ait ie, 
| Yield, | Units | Yield, | Units | Yield, | Units | Yield, | Units | Y Yield, | Units 
_ *per cent permg. percent per mg. percent permg. per cent per mg. | per cent per mg. 
1 | 08 | B]o | | 1.22 | 2 | 0.50 | 43 | 1.83] 5 
2 | 0.33 | 2 | 0.37 | 61 | 0.46 | 22 | oO | 0.75 | 6 
3 | 0.50 50 | 1.77 | 48 | 0.14 | 26 | 0.50 | 48 | 1.00 | 30 
4 0.33 39 0.50 28 0.18 15 0.29 | 62 | 0.8% | 2 
5 | 0.@ 11 1.88 | 0.44 21 0.64 ee. Lost | 
\ 0.38 50 1.31 | 25 | | 
B | 0.18 | 80 | 0.88 | 37 | | | 
C | 0.05 | 80 0.39 | | | 
D | 0.13 | 56 | 0.45 | | } 


"Activities are > expressed in a terms of units, in comparison » with fresh beef brain 
Fraction A, which was assigned an activity of 50 units per mg. 


material separated into two moieties, one preferentially hexane-soluble 
and one methanol-soluble (Table I]). Activity was somewhat diffusely 
distributed but was higher in the material more soluble in hexane. The 
remainder of Fraction B from brains therefore was distributed in a similar 
manner, the first four plates, containing the material more soluble in 
hexane, being combined as Fraction C and the last four plates as Fraction 
D. This procedure was repeated with BSC lipide Fraction B. Yields 
and activities of Fractions A to D for beef brains and BSC lipides are shown 
in Table I. 

In the case of the beef brain, Fraction C was extracted three times over- 
night with 30 ml. per gm. of absolute ethanol each time. The combined 
supernatant solutions contained 80 units of activity per mg. The alcohol- 
insoluble material (Fraction E, 0.014 per cent yield, 132 units of activity 
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per mg.) was dissolved in water at pH 8.35 and dialyzed through cellophane 
against distilled water for 26 days at 0—5°, during which time the pH fell 
to 6.3. The material in the sac was lyophilized (Fraction F, 0.01 per cent, 
118 units per mg.), the dialysate being inactive. Subsequent studies with 
other fractions under a variety of conditions also indicated that anticoagu- 
lant activity is non-dialyzable. 

In the case of the BSC lipides the behavior of aliquots of Fraction C was 
studied at various pH values in a counter-current distribution system 
consisting of water and butanol. The mass of the lipide separated into 
two major moieties, one preferentially water-soluble and one butanol- 
soluble over the range, pH 8 to 3.5. The amount of material appearing 
in the butanol phase, however, increased with decreasing pH. Activity 


TABLE II 


Counter-Current Distribution of Brain Fraction B between Hexane and 
95 Per Cent Methanol Layers 


Hexane | 95 per cent methanol 
Per Units per mg. Per very, Units per mg. 
1 11.7 93 3.6 109 
2 3.6 3.8 133 
3 2.1 28 4.1 103 
4 ; 1.7 5.7 83 
5 1.3 57 7.0 69 
6 1.4 10.1 64 
7 0.9 14.8 38 
8 0.7 55 25.7 27 


tended to concentrate in the water-soluble fractions at the higher pH 
values and to shift into the butanol-soluble fractions at lower pH values. 
These preliminary results suggested a possible means of purifying the 
anticoagulant. The remainder of Fraction C therefore was distributed 
for a total of eight plates at pH 8.3 to 8.5 with 50 ml. of each solvent per 
gm. of lipide per plate (Table III). The first four plates, which contained 
the material more soluble in water as well as that having the highest activ- 
ity, were combined, filtered, and lyophilized (Fraction G). Fraction G 
was then distributed at pH 4.9 to 5.3 with 20 ml. of each solvent per gm. 
of lipide per plate. Again activity concentrated in the water-soluble frac- 
tions (Table III). The first three plates were therefore combined as 
Fraction H, evaporated, and distributed at pH 3.5 to 3.8, with 20 ml. of 
each solvent per gm. of lipide per plate. In this case the most hydrophilic 
fractions were relatively inactive, but no appreciable concentration of 
activity was effected in any one of the more butanol-soluble fractions. 
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The butanol layer from the sixth plate of the counter-current distribu- 
tion of Fraction H, 0.4961 gm., was dissolved in 50 ml. of phosphate buffer, 
pH 7, and centrifuged at 20,400 r.p.m. for 3 hours. The cell contents were 
separated into a top fraction (Fraction J, 46 ml., 41 per cent recovery, 88 
units per mg.) and a bottom fraction (4 ml., 14 per cent recovery, 40 units 
per mg.). Both fractions were dialyzed to remove buffer solution and 
lyophilized prior to assay. 

Further counter-current distribution of Fraction J at pH 4.4 to 4.6, 
butanol-water system, 31 ml. of each solvent per gm. of lipide per plate, 
gave a distribution of mass somewhat similar to those obtained previously, 
with no peak indicative of a pure component. At the end of this distribu- 


Taste III 
Counter-Current Distribution of BSC Lipide Fractions between Water and Butanol 


Fraction C (pH 8.3-8.5) | Fraction G (pH 4.9-5.3) Fraction H (pH 3.5-3.8) 
| Water layers ‘Butanol layers Water layers Butanol layers | Water layers | Butanol layers 

Units Per cent Units Units Units Units Units 

| | | | | ™e- | ma: | me 

14.9/125| 3.2! |101| o3 19.9| 8| 1.5 | 36 
2 10.0 6.8 Ad | 6.9 151 4.3, 1538; 11.8! 9] 2.8) 27 
3 7.2) 65) 6.5 13.7 32; 7.1) 27 | 4.1 | 42 
4 3.8; | 8.7/30| 73] 9.7| 36| 3.9/27| 5.5 | 67 
5 46; 7.9) | 4.5] 58) 9.4) 25! 1.2| 27] 7.3 | 60 
6 9.326 1.7, 72) 13 43} 9.9 | 54 
7 2.6 43 13.5. | 0.7, 8! 12.3) 40: 0.7 | 27 | 9.9 | 59 
S | 2.5 49) 438 0.7 | 47) 11.8 | 56 


tion the material most soluble in water had an activity of 10 units per mg., 
and the material most soluble in butanol had an activity of 41 units per 
mg. 

Special Fractionation Procedures—The procedure of Folch (10) was 
applied directly to fresh beef brains which had not first been extracted by 
the cold methanol procedure. Except in Fractions I to IV, little activity 
was noted. Fractions I and II were combined after dialysis (P 2.0 per 
cent, 50 units per mg. by solution assay), 2.57 gm., and precipitated eight- 
een times from chloroform (30.8 ml. each) with methanol (56.6 ml. each) 
according to the inositol phosphatide purification method of Folch (11). 
The final precipitate weighed 0.25 gm. and showed an activity of 17.5 units 
per mg. by solution assay (P 5.54 per cent, N 1.14 per cent, a-amino N 
0.35 per cent, inositol 17.2 per cent, organic soluble 45.5 per cent). This 
last fraction, 0.0405 gm., was dissolved in 0.65 ml. of water and treated 
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with 0.065 ml. of concentrated HCl. The resulting precipitate was cen- 
trifuged and dialyzed in distilled water, against distilled water. Upon 
lyophilization of the sac content, there was obtained 0.0317 gm. of mate- 
rial, 78.5 per cent recovery, with activity of 14.5 units per mg. by the 
solution assay. It was of interest in this regard that several samples of 
purified soy bean inositol phosphatides‘ containing 10 to 20 per cent inositol 
also had low anticoagulant activity. The most active of these samples 
contained only about 28 units of activity per mg. 


TABLE IV 
Analytical Values for Various Lipide Fractions 
| Fresh beef brain BSC lipides 

Frac- | Frac- | Frac- | Frac- BSC Frac- Butanol layer, 

tion tion tion tion F lipides tion 3. Fraction H* 
63.5 | 63.6 53.7 | 59.1 64.8 61.8 58 .6 
G 9.9; 9.8; 9.0; 10.4 9.7 8.5 
mas 0.2; 0.2; 0.3; 0.0 0.3 0.1 0.0 
3.6; 3.3 | 4.0; 3.0 2.3 2.9 4.0 
Ash as NasSQ,.............. 13.2; 1.2]! 15.8 3.7 8.3 6.5 
1.3; 0.9 | 1.5 | 0.8 1.4 1.0 
Organic soluble. .... . 68.5 79.2 57.6 59.1 70.0 | 68.0 87.2 
2.0/| 2.7 0.3 1.5 3.8 
| 0.2) 3.9 <0.3 
| 0.4 0.6 0.5 0.4 
N in organic soluble....... | 0.3 1.4 1.5 | 0.6 


Analytical values are in per cent by weight of phospholipide except ‘‘N in organic 
soluble,’’ which is in per cent by weight of the ‘‘organic soluble.”’ 
* Plate 5, Table III. 


When the heparin isolation procedure of Howell (12) was applied to 
brain Fraction C as far as the extraction with saline, only 1 per cent of the 
total activity was found in the “heparin fraction.” 

Properties of Lipide Anticoagulant—Representative analytical values are 
shown in Table IV. Brain Fraction C and BSC lipide Fraction H gave 
negative results when tested for proteins by the biuret and Acree test, and 
when tested for sugars with naphthoresorcinol, the Bial reagent, the 
Molisch reagent, and the Fehling solution (12). A precipitate resulted 
from the addition of copper chloride or cadmium chloride at pH 2, and no 
activity could be found in the supernatant layers. Sulfurie acid hydroly- 
sates contained only 1.8 to 2.5 per cent sugars calculated as dextrose, and 


4 Generously supplied by Dr. H. I. Carter of the University of Illinois. 
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gave negative or doubtful results with Bial’s and Molisch’s reagents and 
with naphthoresorcinol. On the other hand, heparin gave positive tests 
with naphthoresorcinol and the Bial and Molisch reagents, and no precip- 
itate with copper chloride or cadmium chloride at pH 2. The lipide be- 
came most noticeably soluble in water at about the stage of Fraction A, 
although increased emulsification could be obtained in earlier fractions by 
elevation of pH. Fractions were occasionally obtained which were not 
soluble even though prepared from water-soluble samples. 

The butanol layer from the seventh plate, Table IIT, counter-current 
distribution of Fraction H, was treated with 0.1 N HCl, dialyzed in water 
at 5° to remove HCl, and lyophilized. Potentiometric titration of the 
product indicated two acidic functions with mid-points of pH 4.6 and 8.4 
and equivalent weights of 982 and 1495, respectively. 

In the ultracentrifuge, at 1 per cent concentration, phosphate buffer, 
pH 7, BSC lipide Fraction G showed three boundaries. The two most 
rapidly moving ones had a combined sedimentation constant of 140 x 
10- second and the slowest one had a sedimentation constant of 50 x 
10-8 second. When BSC lipide Fraction J was ultracentrifuged under 
similar conditions, 50 to 75 per cent of the mass appeared as one peak 
consisting of micelles ranging in molecular weight from 200,000 to 1,000,000 
with a sedimentation constant of 12 X 10-" second. A smaller second 
peak was also evident in this case; sedimentation constant, 90 «x 10-" 
second, A butanol-soluble fraction from the counter-current distribution 
of Fraction J, 1.4 per cent concentration, showed one peak, with a sedi- 
mentation constant of 140 K 10-" second. 

In the electrophoresis apparatus, Fraction G (0.4 per cent concentra- 
tion, phosphate buffer, pH 7, 0.1 mM) exhibited only one very sharp bound- 
ary with a mobility of 11.6 & 10-5 cm.’ volt~! sec.—!, but Fraction J (0.4 per 
cent concentration, phosphate buffer, pH 7, 0.1 ionic strength) gave three 
boundaries with mobilities of 1.74 107°, 2.38 107°, and 16.1 10-5 
em.” volt! These latter materials were present in the relative 
proportions, 8.4, 76.4, and 15.2, respectively. <A fraction of intermediate 
solubility (water-butanol system) obtained from the counter-current 
distribution of Fraction J could not be tested in the electrophoresis appara- 
tus because it precipitated from the buffer solution in the cold. Brain 
Fraction F showed only one component with a mobility of 12.2 * 10-5 
em.? volt! sec! when tested under conditions similar to those used for 
BSC lipide Fraction J. 

The brain anticoagulant was found to be relatively stable at neutrality 
and under mild conditions of alkalinity and acidity, but under certain 
hydrolytic conditions it was inactivated (Table V). Certain known phos- 
vhatide degradation products and related substances were inactive in the 
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assay in vitro. These include choline, ethanolamine, DL-serine, inositol, 
phytic acid, glutamic acid and yeast, and thymus nucleic acids. Pro- 
Jonged treatment of an emulsion of the lipide with a current of air at room 
temperature and neutrality caused no change in activity. On standing in 
the solid state for 65 days at 0-5° under nitrogen, the lipide showed insig- 
nificant changes in iodine, acid, and peroxide numbers. When allowed to 
remain in contact with plasma for 24 hours, its anticoagulant potency was 
unaltered. 


TABLE V 

Effect of Various Hydrolytic Conditions on Activity of Lipide Anticoagulant 
Brain Fraction 3 was treated in aqueous media under the conditions indicated. 
In one case methanolic sodium hydroxide was employed. 


Activity 
Conditions 
Lipide layer Water layer 
hrs. 
0.2 N methanolic sodium hydroxidef....| 37 4 Inactive 


* Possible product remaining after hydrolysis, glycerophosphoric acid (24). 
t Possible product remaining after hydrolysis, glycerophosphorylcholine (25). 
t Possible product remaining after hydrolysis, acetal phospholipides (26). 


A comparison was made of the influence of both protamine sulfate 
and toluidine blue on the anticoagulant effect of heparin and the lipide. 
Whereas heparin was completely neutralized by both compounds, the 
action of the lipide was unaffected by toluidine blue and was only slightly 
reduced by protamine sulfate. The anticoagulant potency of the lipide 
was not influenced by varying the calcium chloride content of the clotting 
system from 0.5 to 4 times that normally employed. No relationship was 
found between the surface tension of a lipide emulsion and its anticoagu- 
lant activity. 

Acid Treatment—When Fraction 3 from fresh brains was treated with 
acid to give Fraction A, its ease of emulsification and anticoagulant activ- 
ity increased markedly (Table VI). The reasons for this are not known, 
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although extended studies indicate that there was probably no intrinsic 
increase in activity, the apparent increase being due to decrease in particle 
size. Most cations were removed from Fraction 3 in the process, with lib- 
eration of an additional acidic group (Fraction 3, 13.2 per cent sulfated 
ash, 0.11 mole of NaOH per 100 gm. to phenolphthalein end-point; Frac- 
tion A, 0.4 per cent sulfated ash, 0.23 mole of NaOH per 100 gm. to phe- 
nolphthalein end-point), but neutralization of Fraction A with sodium or 
potassium hydroxide did not reverse the changes. Spectrographic and 
flame photometric studies indicated only small amounts of cations other 
than sodium or potassium in Fraction 3. Other fractions could be modified 
in a similar manner, although they varied in this regard according to their 


TABLE VI 


Effect of Acid Treatment on Ease of Emulsification and Anticoagulant Activity 
of Brain Fraction 3 


Brain Fraction 3 and its dilute acid-treated product, Fraction A, assayed by 
emulsion assay at 1.5 per cent concentration after various periods of ultrasonic 
oscillation (3). 


Fraction 3 Fraction A 
Oscillation time - 


Light transmission Clotting time (Light transmission Clotting time 
: min. Gr: per cent sec. per cent sec. 
0 56 45 $l 115 
3.75 63 50 88 170 
7.5 66 52 | 89 210 
15 73 61 | 90 240 
30 91 90 | 92 292 


position in the fractionation scheme and the material from which they 
were derived. Thus with BSC lipide fractions partial inactivation was 
noted in several cases on dilute acid treatment. 

Experiments in Vivo—Saline emulsions of the lipide anticoagulants from 
brain and BSC lipides behaved similarly in vivo. Brain Fractions A and 
BSC Fractions 3 were active for from 2 to 6 hours following intravenous 
injection into the dog or rabbit at the level of 150 to 300 mg. per kilo 
(Table VII). <A solution of BSC Fraction G was essentially inactive when 
injected intravenously into the rabbit in the amount of 100 mg. per kilo, 
and was ineffective orally when fed to the rat at the level of 2.5 gm. per 
kilo. No changes in coagulation time occurred when 150 mg. per kilo of 
an emulsion of brain Fraction A were injected intramuscularly into the 
rabbit. Some adverse effects were noted in several of the experiments 
(Table VIT) and one solution of brain Fraction C, at 400 mg. per kilo in- 
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travenously in the rabbit, caused death, apparently by a central effect de 
with respiratory failure but with no hemorrhage or hemolysis. The rela- m 
tively low pyrogen content of such samples made it appear unlikely that 
pyrogens were responsible for the adverse effects. On the other hand the ac 
effects might have resulted from the presence of histamine-like substances di 
since these were frequently found as contaminants. Attempts to remove sp 
VII It 
Effect of Lipide Fractions on Coagulation Time Following Intravenous Injection oe 
Activated clotting time,* sec. be 
Time after injection Brain Fraction A BSC lipide Fraction 3 Heparin ta 
0 | 36 3 
0.5 355 | 120 | >24 hrs. > 2040 > 1440 to 
1.0 165 7 | 120 >1440 | > 1440 
1.5 120 | 55 of 180 th 
2.0 80 | 48 55 100 | 14 i 
3.0 54 | 40 20 93 | 4 
4.0 a 27 97 3.5 ha 
6.0 = 27 | | an 
24 0 | 31 26 | 46 of 
. Determined on mixt ure of 0.05 ml. of whole blood plus 0.05 ml. of diluted throm- nal 
boplastin (1:10 dilution of normal thromboplastin solution). 
+ Determined on mixture of 0.05 ml. of whole blood plus 0.05 ml. of physiological str 
saline. Col 
t Slight shock. it. 
§ Retching, increased respiration, salivation, and pupillary constriction. col 
|| Vomited and exhibited tremors and respiratory difficulty. - 
{| No untoward effects. This BSC sample was different from that used at 150 arg 
mg. per kilo in the other dog. inc 
the histamine-like materials from the lipide anticoagulant by a number of ant 
methods were unsuccessful. or 
sm 
DISCUSSION 
ph 
The results of this work confirm the observations of other investigators dec 
(1, 2, 138-17) that anticoagulant activity is associated with a variety of sey 
phosphatide-like materials. The substances isolated in the course of this act 
investigation are similar to those discussed by Overman and Wright (13), : 
but their relationship to the anticoagulants noted by Chargaff (14), de 13 
Siit6-Nagy (15, 16), or Binet, Trethewie, and Gaffney (17) must still be act 
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determined. Strict comparison is precluded because of the variety of raw 
materials and isolation techniques employed. 

The most purified anticoagulant materials obtained in this work are 
acidic complexes of phosphatide-like constituents. The activity does not 
dialyze, has not been found in any hydrolytic products, and does not re- 
spond to fractionation as though present in highly active trace amounts. 
It appears that the activity of these materials may be associated with their 
colloidal and acidic nature, somewhat analogous to the activity associated 
with sulfated polysaccharides. The relatively low potency of even the 
best fractions is akin to that of phosphorylated polymers (18, 19). 

In particular there is no indication that activity is due to heparin con- 
tamination. Sugar and precipitation tests do not parallel those obtained 
with heparin, there is no positive correlation between activity and sulfur 
content, and heparin isolation procedures do not result in increased activ- 
ity of the lipide anticoagulant. Furthermore, activity of the lipide is 
neutralized to only a negligible extent by protamine and not at all by 
toluidine blue, whereas heparin is neutralized completely by these reagents. 

With each of the materials studied, activity tended to concentrate about 
the phosphatidyl serine fraction, the lecithin and phosphatidyl ethanol- 
amine fractions being relatively inactive. None of the analytical values 
has paralleled activity closely enough to be of aid in following purification, 
and it appears unlikely that anticoagulant activity is due to the presence 
of the more common types of complex lipides. The decrease in choline as 
purification proceeds and the doubtful sugar and high phosphate content 
militate against the presence of large amounts of lecithin, cerebrosides, or 
strandin (20). Ninhydrin nitrogen, indicative of phosphatidyl serine 
content, does not strictly parallel activity, and if sphingosine is present, 
it is probably not in the form of normal sphingomyelins, since the choline 
content is so low. Acetal phospholipides do not appear to be the active 
moieties. The negative protein tests and low a-amino nitrogen values 
indicate the absence of appreciable amounts of proteins (21). 

Although activity is present in the inositol phosphatide fractions, the 
anticoagulant is not an inositol phosphatide of the type of lipositol (22) 
or diphosphoinositide (11). The most active fractions contain relatively 
small amounts of inositol and, in the preparation and purification of di- 
phosphoinositide by the method of Folch (10, 11), activity was found to 
decrease as inositol and phosphorus content increased. Furthermore, 
several samples of purified soy bean inositol phosphatides had only low 
activity. 

The best fractions obtained in the present investigation contain 130 to 
150 units of activity per mg. and appear to be about 2.5 to 3.5 per cent as 
active as heparin on the basis of findings in vitro and in vivo. The precise 
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degree of purification of these fractions cannot be determined, but they 
are probably not grossly contaminated with inert matter. It is possible, 
however, that activity is not due solely to one specific chemical entity, but 
it is ascribable to the summation of activities of a number of closely re- 
lated materials. Although several fractions appeared largely as single 
peaks in the ultracentrifuge and electrophoresis apparatus, other data 
would not warrant their being considered homogenous. The incomplete 
recovery of activity and the variation in physical properties of the BSC 
lipide as fractionation proceeded suggest the possibility that the anticoag- 
ulant was undergoing modification. 

The lipide anticoagulant appears to affect the first stage of the coagula- 
tion mechanism. It is counteracted by thromboplastin, is not antithrom- 
bie,> and does not bind calcium. Fibrinogen is not affected (1) although 
Factor V and prothrombin may be (23). On intravenous injection of the 
lipide anticoagulant, activity begins quickly and disappears within several 
hours as in the case of heparin. The precise cause of the toxicity associated 
with some of the fractions is not known. This toxicity does not appear 
to be due to the presence of pyrogens, although histamine-like contami- 
nants may be partially responsible. Other workers have reported no 
untoward effects with cruder materials (1, 23), and certain of the BSC 
lipide fractions tested in this work also were non-toxic. 


SUMMARY 


Lipide anticoagulants from various materials, in particular fresh beet 
brain and BSC lipides, have been partially purified and characterized. 
They are water-soluble, colloidal, acidic substances associated with the 
cephalin fraction of phosphatides, and contain about 2.5 to 3.5 per cent 
of the activity of heparin in vitro and in vivo. 
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MECHANISM OF ACTION OF NITRATE REDUCTASE FROM 
NEUROSPORA* 


By D. J. D. NICHOLAST anp ALVIN NASON 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland, and the Unit of Plant Nutrition (Micronutrients) , the Long 
Ashton Research Station of the University of Bristol, England) 


(Received for publication, May 28, 1954) 


It has already been established that Neurospora nitrate reductase, which 
catalyzes the reduction of nitrate to nitrite by TPNH,! is a metalloflavo- 
protein with FAD as the prosthetic group and molybdenum as the metal 
component (1-3). This paper elaborates a preliminary report in which it 
was shown that, during the enzymatic transfer of electrons from TPNH 
to nitrate, both FAD (or FMN) and molybdenum function as electron 
carriers (4). Evidence is also presented to show that the reduction se- 
quence mediated by nitrate reductase from Neurospora is as follows: 


TPNH — FAD (or FMN) — Mo — NO; 
Materials and Methods 


Preparation of Cell-Free Extracts—The wild type fungus Neurospora 
crassa (strain 146) was grown in the Fries basal medium.? The culture 
solution was dispensed in 125 ml. quantities in 500 ml. Erlenmeyer flasks, 
inoculated with a spore suspension contained in distilled water, and in- 
cubated for 4 days in the dark at 28°. The mycelial mats were collected 
on a Biichner funnel, washed with distilled water, and frozen for 1 to 3 
hours at —15°. They were then homogenized in a TenBroeck glass ho- 
mogenizer in 3 times their weight of cold 0.1 mM KeHPO,, and centrifuged at 


* Contribution No. 87 of the MeCollum-Pratt Institute. This investigation was 
supported in part by a research grant (No. G-2332(3)) from the National Institutes of 
Health, United States Public Health Service, and from the Climax Molybdenum 
Company. 

t Postdoctoral Fellow of the MeCollum-Pratt Institute. 

‘ The following abbreviations are used: TPN and TPNH, unreduced and reduced 
triphosphopyridine nucleotide, respectively; DPN and DPNH, unreduced and re- 
duced diphosphopyridine nucleotide, respectively; FAD, flavin adenine dinucleo- 
tide; FMN, flavin mononucleotide or riboflavin phosphate; FADH, and FMNHag, the 
reduced forms of FAD and FMN, respectively. 

* In units per liter, ammonium tartrate 5 gm., KH.PO, 1 gm., MgSO,-7H,0O 0.5 
gm., NaCl 0.1 gm., CaCl. 0.1 gm., ammonium nitrate 1 gm., sucrose 20 gm., biotin 
5 y, sodium tetraborate 8.8 gm., (NH 4)«Mo;O.; 6.4 107-5 gm., FeCl;-6H.O 
96 & 10-4 gm., ZnSO,-7H.2O 8.8 10°% gm., CuCl, 2.7 10-4 gm., MnCl.-4H2O 7.2 
xX 10°75 gm. 
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2000 X g for 20 minutes at 4°, followed by centrifugation in the Spinco 
ultracentrifuge at 100,000 * g for 30 minutes at 4°. About 85 per cent of 
the nitrate reductase activity of the homogenate was present in the result- 
ing clear cell-free supernatant solution. 

Cofactors and Other Substances—-DPN of 90 per cent purity was obtained 
from the Pabst Laboratories. TPN of 90 per cent purity, prepared from 
DPN with DPN-kinase from pigeon liver by the method of Wang et al. (5), 
was kindly supplied by Dr. Nathan 0. Kaplan. DPNH was prepared 
enzymatically by the method of Pullman et al. (6) and TPNH enzymati- 
cally by use of the pig heart isocitric enzyme (1). FAD of 40 per cent purity 
was obtained from the Sigma Chemical Company and FMN from the 
Nutritional Biochemicals Corporation. Reduced flavin was prepared in 
Thunberg tubes by adding approximately 2 mg. of sodium hydrosulfite to 
FAD or FMN (0.1 to 0.5 um) contained in 3 ml. of 0.1 mM pyrophosphate 
buffer (pH 7.0). Hydrogen gas was then bubbled through the solution for 
10 minutes at 4°, followed by evacuation. As an alternative method, the 
flavin could also be reduced with palladium asbestos and the hydrogen gas 
bubbling procedure, followed by evacuation. The sodium salt of 2,3’ ,6- 
trichloroindophenol dye was obtained from the Eastman Kodak Company. 
The dye was reduced to its leuco form by adding approximately 2 mg. of 
sodium hydrosulfite to 5 ml. of 10-* m dye in 0.1 mM pyrophosphate buffer, 
pH 7.0, followed by bubbling hydrogen gas through the solution for 10 
minutes. 

Enzymes—A partially purified nitrate reductase fraction was prepared in 
a manner similar to that already described (1). Starting with 100 ml. of 
cell-free Neurospora supernatant extract, a 29 to 43 per cent ammonium 
sulfate protein precipitate was collected by centrifugation, dissolved in 40 
ml. of 0.1 Mm phosphate buffer, pH 7.0, and then refractionated to yield a 0 
to 20 per cent ammonium sulfate nitrate reductase fraction. After dis- 
solving the latter in 16 ml. of 0.1 mM phosphate buffer, pH 7.0, 8.0 ml. of 
calcium phosphate gel were added. The precipitate collected by cen- 
trifugation was washed twice with 5 ml. portions of cold 0.1 mM phosphate 
buffer, pH 7.0, and eluted once with 4.0 ml. of cold 0.1 M pyrophosphate 
buffer, pH 7.0. The eluate was centrifuged at 100,000  g for 30 minutes 
in the Spinco ultracentrifuge to yield a clear, colorless supernatant solution 
having a nitrate reductase activity ranging from 400 to 500 units per mg. 
of protein, and representing an approximately 50-fold purification. Mo- 
lybdenum-free nitrate reductase was prepared by successive dialysis against 
eyanide- and phosphate-glutathione solutions, as described elsewhere (3). 
This involved the use of dialyzing membranes which had previously been 
soaked overnight in 10-* m glutathione and 0.1 mM phosphate buffer (pH 
7.0). The enzyme, which was treated with KCN at 10-% Mm final concentra- 
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tion, Was dialyzed for 3 hours against a cyanide-phosphate-glutathione 
solution, followed by dialysis for 9 hours at 4° against a molybdenum-free 
phosphate and glutathione solution in order to remove cyanide. The 
dialyzed nitrate reductase, designated as molybdenum-free, is inactive in 
catalyzing nitrite formation, but this property can be specifically restored 
by the addition of molybdate (10-5 m final concentration). 

p-Amino acid oxidase was obtained from the Worthington Biochemical 
Corporation as a dry, soluble, preparation isolated from pig kidney. The 
following acid ammonium sulfate precipitation procedure was used to ob- 
tain the flavin-free apoenzyme. ‘To a solution of 25 ml. of 0.1 mM pyro- 
phosphate buffer, pH 8.3, containing 250 mg. of the p-amino acid oxidase 
were added 5.4 gm. of ammonium sulfate. After standing at 0° for 15 
minutes, the resulting precipitate was collected by centrifugation and sus- 
pended in 15 ml. of 3.3 XX 10-% m pyrophosphate buffer, pH 8.3. To the 
latter were added 4.9 ml. of a saturated ammonium sulfate solution, which 
had been previously adjusted to pH 7.3 with sodium hydroxide, and 0.45 
ml. of 1 N hydrochloric acid. After standing for 10 minutes at 0°, the 
resulting precipitate was collected by centrifugation and suspended in 8.0 
ml. of 0.1 M pyrophosphate, pH 8.3. The activity of this fraction when 
pL-alanine was used and FAD (5 * 107-7 m) added was 350 ul. of O» per ml. 
per 30 minutes compared to 35 ul. of Og when FAD was omitted. 

Determination of Nitrate Reductase—The test procedure, as described 
elsewhere (2), consisted of adding 0.05 ml. of enzyme to a solution contain- 
ing 0.1 ml. of 0.1 mM KNQOs, 0.05 ml. of 10-? m FMN, 0.02 ml. of 10-? Mm KCN, 
0.04 ml. of 2 K 10-% um of TPNH, and 0.24 ml. of 0.2 m pyrophosphate 
buffer, pH 7.0. After 10 minutes incubation at 25°, 0.9 ml. of water, 0.5 
ml. of 1 per cent sulfanilamide reagent, and 0.5 ml. of 0.001 per cent N-(1- 
naphthyl ethylenediamine reagent were added (1). After 10 minutes the 
test solutions were read on the Klett colorimeter with a 540 my filter. 
Control tests without TPNH were used to correct for the turbidity of the 
enzyme. | unit of nitrate reductase is defined as the amount of enzyme 
required to produce 1.0 mum of nitrite in the above assay. 

Flavin Reduction and Oxridation—The reduction of flavin to form FADH, 
or F MN He as well as its reoxidation was followed at 15 second intervals in 
a model DU Beckman spectrophotometer at 455 my under anaerobic con- 
ditions. Modified Thunberg tubes which were fused to 1 cm. cuvettes 
were used for this purpose. The unit of activity is the decrease or increase 
(for flavin reduction or oxidation, respectively) in log /o/J, of 0.001 per 
minute calculated for the change between 15 and 75 seconds. 

Protein Determination—-Protein was measured by the method of Robin- 
son and Hogden (7). 

Molybdenum Assay—Enzyme fractions were prepared for molybdenum 
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assay by digesting in redistilled HNQOs as described elsewhere (3, 8), and 
molybdenum was determined by the Aspergillus niger microbiological assay 


(8). 
Results 


Direct Evidence for Réle of Flavin and Molybdenum and Their Sequence in 
Electron Transport 


Enzymatic Reduction of Flavin by TPNH—The results in Table I indicate 
that the enzymatic reduction of flavin by TPNH can be demonstrated in 


TABLE I 
TPNH As Electron Donor for Enzymatic Reduction of Flavin 


—AE X 10° per min. 


Reacti - Experiment 1 Experiment 2 
eaction mixtures 


TPNH FMN | TPNH FMN 
oxidation, reduction, oxidation, reduction, 
at 455 mp atHOmp at 455 mp 


‘* with boiled enzymef..... 0 0 0 0 
_Mo-free enzymet. . . 80 120 100 


*0.50 ml. of enzyme containing 520 y of protein, 0.24 ml. of TPNH (2 um per 
ml.), 0.20 ml. of FMN (0.09 um per ml.), 0.01 ml. of FAD (0.02 um per ml.), 0.6 ml. 
of 0.1 Mm KNOs, and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume of 3.0 
ml. Reactions started by tipping the TPNH into the other components of the reac- 
tion mixture in evacuated modified Thunberg tubes. 

t Boiled enzyme, prepared by heating at 100° for 10 minutes, was substituted for 
native enzyme. 

t Mo-free enzyme, which was substituted for native enzyme, was prepared as 
described under ‘‘Materials and methods.”’ 


the absence of nitrate under anaerobic conditions. Although nitrate re- 
ductase is necessary for electron transfer from TPNH to FMN, the mo- 
lybdenum component of the enzyme is not involved in this step, since the 
reaction is unaffected by cyanide and is mediated equally well by molybde- 
num-free enzyme. There is no chemical reduction of flavin by TPNH. 

Reduced Flavin As Electron Donor for Nitrate Reduction-—Yhe data in 
Table II show that reduced flavin can replace TPNH as an electron donor 
for the enzymatic reduction of nitrate to nitrite. The molybdenum com- 
ponent of the enzyme is necessary for the above reduction as shown by the 
inhibitory effect of cyanide as well as the failure of the molybdenum-free 
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nitrate reductase to mediate the reaction. This is further substantiated 
by the restoration of the latter system upon addition of molybdate to the 
reaction mixture. Addition of other micronutrient elements including 
iron, copper, vanadium, chromate, or boron, respectively, in place of mo- 
lvbdate was without effect. 

Oxidation of FMNH:- by Molybdate—The enzymatic oxidation of FMNH, 
by molybdate, under anaerobic conditions, in the presence of nitrate re- 


TaB_Le II 
FMNHz,z As Electron Donor for Enzymatic Nitrate Reduction 
| Experiment 1 Experiment 2 
Reaction mixtures* | “nom FMNH 
| per pa Se per 10 min. per min. per 10 min. 
Complete | 18 25 
Without TPNH, with FMNH. | 145 15 170 19 
| 15 1 10 9 
boiled enzyme | 
Without TPNH, with FMNH,. + 20 0 25 0 
KCN (1073 mM) | 
Without TPNH, with FMNHb2., Mo- 10 2 | 15 1 
free enzyme | 
Without TPNH, with FMNHb», Mo- | 125 12 140 17 
free enzyme + 10°° mM (NasMoQ,) 


* 0.30 ml. of enzyme containing 310 y of protein, 0.24 ml. of TPNH (2 uM per 
ml.), 0.20 ml. of FMNH, (0.09 um per ml.), 0.05 ml. of FAD (0.02 um per ml.), 0.6 
ml. of 0.1 m KNOs, and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume 
of 3.0 ml. Reactions started by tipping in the nitrate and enzyme from the side 
arm of the evacuated modified Thunberg tubes. 

t Reduced flavin was prepared in the Thunberg tubes by adding approximately 
2 mg. of NaS.O, to the FAD and FMN contained in the pyrophosphate buffer, 
followed by He, bubbling as described under ‘‘Materials and methods.’’ 


ductase (Table II1), suggests that the metal ion is very likely to be acting 
as an electron acceptor. Of the various metals tried individually in place 
of molybdate (FeCl, FeSO,4, ZnSOy, MnCl, and MgSO, at 3.3 X 
10-° m final concentration) only Fe*** oxidized FMNH, but at about one- 
fifth the rate observed for molybdate. There also appears to be a small 
non-enzymatiec oxidation of FMNH2 by molybdate. 

Reduced Molybdate As Electron Donor for Nitrate Reduction—The data in 
Table IV indicate that reduced molybdate, prepared with either the power- 
ful reducing agent NaS.O, and Ho», or Pd and He, can enzymatically reduce 
nitrate to nitrite anaerobically in the presence of nitrate reductase. The 
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addition of flavin (as FMN, FAD, or boiled pig heart) does not increase 
the enzymatic rate of nitrate reduction by reduced molybdate. ‘There 


TABLE ITI 
Enzymatic Oxidation of FMNHz by Molybdate 


XK 10° per min. 


Experiment No. 


Complete Without enzyme Boiled enzyme* Without molybdate 
130 10 20 15 
2 150 10 25 20 


The reaction mixtures contained the following: 0.20 ml. of enzyme containing 
300 y of protein, 0.20 ml. of FM N He (0.09 um perml.), 0.1 ml. of 10°? mM NaeoMoQ,-2H.0, 
and 0.1 Mm pyrophosphate buffer, pH 7.0, to give a final volume of 3.0 ml. Reactions 
started by tipping the molybdate from the side arm into the other components of 
the reaction mixture in the evacuated modified Thunberg tubes. 

* Boiled enzyme, which was prepared by heating for 10 minutes at 100°, was sub- 
stituted for native enzyme. 


TaBL_eE IV 
Dithionite-Treated Molybdate As Electron Donor for Enzymatic Nitrate Reduction 


Millimicromoles of nitrite formed per 0.5 ml. of reaction mixture.* 


l 24 19 7 3 l 4 
2 30 25 9 S 2 6 
3 20 15 2 2 l 2 
4 23 20 4 2 2 3 


* 0.30 ml. of enzyme containing approximately 500 y of protein, 0.24 ml. of TPNH 
(2 wm per ml.), 0.24 ml. of FMN (0.09 um per ml.), 0.6 ml. of 0.1 M KNOs, and 0.5 ml. 
of 10° mM NaeMoQO,-2H2O; made up to 3.0 ml. with 0.1 M pyrophosphate buffer, pH 
7.0. Reactions started by tipping the enzyme and nitrate into the other components 
of the reaction mixtures in evacuated modified Thunberg tubes. After 10 minutes 
incubation at room temperature the mixtures were assayed for nitrite with sulfa- 
nilamide and N-(1-naphthyljethvlenediamine reagents (1). 

+ Reduced molybdate was prepared in the Thunberg tubes by adding approxi- 
mately 2 mg. of Na.S.O, to 0.5 ml. of 10°* m NasMoQO,-2H.O contained in the pyro- 
phosphate buffer. He gas was then bubbled through the solution for 10 minutes, 
followed by evacuation, incubation, and testing as indicated above. 

t Na.S.O, and H, treatment as for ‘‘reduced Mo”’ but without molybdate. 


appears to be a slight non-enzymatic reduction of nitrate by the reduced 
molybdenum. <A control solution with no added molybdate, treated with 
NaseO, and He, enzymatically forms only a small amount of nitrite from 
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nitrate; the presence of molybdenum in the native enzyme rules out the 
possibility that the metal is functioning catalytically between any residual 
NaS.O, or H. and nitrate. The above evidence strongly suggests that 
the molybdenum component of nitrate reductase is very likely functioning 
as an electron carrier between flavin and nitrate. Iron, copper, vanadate, 
or chromate when treated with NaS.O, and Hp, failed to substitute for 
dithionite-treated molybdate in the enzymatic formation of nitrite. 


TABLE V 
Enzymatic Reduction of 2,3’ ,6-Trichloroindophenol Dye by TPNH 
Experiment 1 | Experiment 2 
Reaction | 
mixture 
—SEwo X 10?) mem NO —AEwo X 10° mum NO 
per min. per 10 min. per min. per 10 min. 
1 Complete 22 30 
2 : + dye 120 15 110 20 
3 Without NO; + dye 140 14 130 16 
4 20 1 10 1 
boiled enzymef 
5 Without NO; + dye, 150 2 | 135 1 
KCN (1073 m) | | 
6 Without + dye, | 145 0 
Mo-free enzymet | | | 


*0.10 ml. of enzyme containing 130 y of protein, 0.24 ml. of TPNH (24M per ml.), 
0.10 ml. of FMN (0.09 um per ml.), 0.30 ml. of 107? m 2,3’,6-trichloroindophenol dye, 
and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume of 3.0 ml. Reac- 
tions started by tipping the TPNH into the other components of the reaction mix- 
tures in evacuated modified Thunberg tubes. In Reaction Mixtures 3 to 6, nitrate 
was added after incubation for 13 minutes; then, after further incubation for 10 
minutes, the nitrite was determined. 

t Boiled enzyme, prepared by heating at 100° for 10 minutes, was substituted for 
native enzyme. 

t Mo-free enzyme, which was substituted for native enzyme, was prepared as 
described under ‘‘Materials and methods.’’ 


Indirect Evidence for Réle of Flavin and Molybdenum and Their Sequence in 
Electron Transport with Indophenol Dye 


In order to provide further evidence for the réle of flavin and molybde- 
num and their sequence in the electron transport mediated by nitrate re- 
ductase, 2,3’ ,6-trichloroindophenol dye was used. Similar results were 
also obtained with 2’ ,6’-dichlorophenolindophenol dye. 

Enzymatic Reduction of Dye by TPNH-—The results in Table V indicate 
that nitrate reductase catalyzes the transfer of electrons from TPNH to 
2,3’ ,6-trichloroindophenol dye. The data of Reaction Mixtures | and 2 


| 
| 
| 
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imply that the dye competes with nitrate as an electron acceptor as shown 
by the 30 per cent decrease in nitrite formation when the dye is present in 
the complete reaction mixture. In Reaction Mixture 3, nitrate was added 
after the dye had been fully reduced enzymatically, resulting in concomi- 
tant nitrite formation and leuco dye oxidation. The failure of cyanide to 
inhibit dye reduction as well as the effectiveness of the molybdenum-free 
enzyme is in agreement with the data in Table I for flavin reduction by 
TPNH. This appears to rule out a réle for molybdenum in this step. 
That molybdenum is acting later in the sequence of nitrate reduction is 
evident from the lack of nitrite formation in Reaction Mixtures 5 and 6, 


32 FAD o 


-~AEgo00 PER MINUTE 


1 2 3 4 5 6 7 #14 
MOLES PER LITER x 107 FLAVIN 

Fig. 1. Effect of flavin concentration on rate of enzymatic reduction of 2,3’,6 
trichloroindophenol dye. Reaction mixture, 0.10 ml. of enzyme containing 190 y of 
protein, 0.10 ml. of 107% m 2,3’,6-trichloroindophenol dye, 0.10 ml. of 0.1 m KNOs, 
0.05 ml. of TPNH (2 un per ml.), FMN or FAD added at levels indicated, made to a 
final volume of 3 ml. with 0.1 Mm pyrophosphate buffer, pH 7.0. Dye reduction meas- 
ured at 600 


upon subsequent addition of nitrate, when cyanide-treated or molybdenum- 
free enzymes are used. Fig. 1 shows that the enzymatic reduction of the 
dye is dependent upon the added flavin, suggesting that electrons are trans- 
ferred first to the flavin and then to the dye. 

FMNHz As Electron Donor for Dye Reduction—That reduced flavin can 
serve as the electron donor in the enzymatic formation of leuco indophenol 
dye is evident from Table VI. Dye reduction proceeds at a slower rate in 
the presence of nitrate, since the latter competes with the dye as an electron 
acceptor. The molybdenum component of nitrate reductase is apparently 
not involved in dye reduction by flavin in view of the comparable activities 
of the cyanide-treated, molybdenum-free, and native enzymes. 

Leuco Dye As Electron Donor for Nitrate Reduction—Table VII demon- 
strates that leuco dye is as effective as TPNH in the enzymatic reduction of 
nitrate to nitrite, that flavin is not needed for this reaction, and that the 
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VI 
FMNH, As Electron Donor for Enzymatic Reduction of 2,3’ ,6-Trichloroindophenol Dye 


—AE«go X 10° per min. 


vO. 
Without NOs, Without NOc, Without NOs, 
Complete | Without NOs boiled with Mo-free 
l | 25 50 0 40 | 50 
30 0 25 | 40 


The reaction mixtures contained the following: 0.30 mal. of enzyme containing 
360 of protein, 0.20 ml. of FMNHz, (0.09 um per ml.), 0.20 ml. of 10°? 2,3’ ,6-tri- 
chloroindophenol dye, and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume 
of 3.0 ml. Reactions started by tipping the enzyme and dye into the FMNH,z and 
pyrophosphate in an evacuated Thunberg tube. The reduction of dye was followed 
spectrophotometrically at 600 mu. FMN was reduced with NasS.O, as described 
under ‘‘Materials and methods.”’ 


Tasie VII 
Enzymatic Reduction of Nitrate by Leuco-2,3' ,6-trichloroindophenol Dye 
Experiment 1 Experiment 2 
mixtures e€ oxidation, —— e oxidation, 
Complete | 19 | 28 
Without TPNH + leuco dye 40 | 14 70 | 26 
“ or FMN + a 6 | 2 
leuco dye | 
Without TPNH or FMN + 5 | | 0 | 1 
leuco dye, boiled enzymet | | 
Without TPNH or FMN + 5 | 2 5 | 1 
leuco dye, KCN (107% | 
Without TPNH or FMN +. 0 1 3 | 2 
leuco dye, Mo-free enzyme | | 
Without TPNH or FMN + 13 
leuco dye, Mo-free enzyme,f | 
Mo (5 X 10°* M) | 


*0.3 ml. of enzyme containing 460 of protein, 0. 24 ml. of TPN H (2) uM per emi. ), 
0.20 ml. of FMN (0.09 um per ml.), 0.2 ml. of 107m leuco-2,3’,6-trichloroindophenol 
dye, 0.1 ml. of 0.1 m KNOs, 0.3 ml. of 10-? m KCN, and 0.1 m pyrophosphate buffer, 
pH 7.0, to give a final volume of 3.0 ml. Reactions started by tipping the other 
reactants into the reduced dye in pyrophosphate buffer. 

t Boiled enzyme, prepared by heating at 100° for 10 minutes, was substituted for 
native enzyme; Mo-free enzyme, which was substituted for native enzyme, was 
prepared as described under ‘‘Materials and methods.”’ 
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molybdenum component of the enzyme is necessary for nitrite formation by 
dye oxidation. The addition of NazMoO, at 5 o final concentra- 
tion restores the capacity of the molybdenum-free enzyme to catalyze the 
oxidation of leuco dye and the concomitant formation of nitrite. The 
individual addition of other metals, including FeCl;, FeSO4, ZnSO4, MnSO,, 
NiCl, CuCl, NajVO,4, and NasCrO;, at the same concentration failed to 
substitute for molybdate in restoring enzymatic activity. 


TasLe VIII 
Inhibition by p-Chloromercuribenzoate of Enzymatic Reduction of Flavin 
by TPNH and Its Reversal by Glutathione 


—AE per min. X 10° 


Experiment 1 2 


| TPNH FMN 
oxidation, reduction, 
| at 340 my | ae 455 my 
| 


TPNH FMN 
oxidation, | reduction, 
at 340 mus at 455 mp 


Control 155 | 95 110 85 


p-Chloromercuribenzoatet (2 mM) 60 0) 20 0) 

(2X 10-4 + 140 8 85 60) 
glutathione (107? m) | 

Glutathione M) 170 | 100) 


° +0. 50 of enzyme round aining 390 - protein, 0. 24 ml. of TPNH (2 uM per ), 
0.20 ml. of FMN (0.09 um per ml.), 0.06 ml. of 10°? Mm p-chloromercuribenzoate, 0.3 
ml. of 10-2 m glutathione, and 0.1 mM pyrophosphate buffer, pH 7.0, to give a final 
volume of 3.0 ml. Reactions started by tipping the TPNH into the other compo- 
nents of the reaction mixture in evacuated modified Thunberg tubes. 

t The enzyme was treated with 2 X 10-4 m p-chloromercuribenzoate (final con- 
centration) and incubated for 5 minutes before testing. The reversal of inhibition 
was achieved by adding glutathione (10~* m final concentration) and incubating for 
another 5 minutes before testing in the above protocol. 


Possible Réle and Site of Action of Sulfhydryl Groups—-Evidence for the 
presence of —-SH groups on the enzyme, as shown by p-chloromercuriben- 
zoate inhibition and its reversal by sulfhydryl reagents, has already been 
presented elsewhere (1). In order to determine a possible réle and site of 
action of —-SH groups in the nitrate reductase mechanism, the following 
experiments were performed. 

p-Chloromercuribenzoate Inhibition of Flavin Reduction by TPNH—Table 
VIII shows that p-chloromercuribenzoate at 2 final concentration 
results in a complete inhibition of the enzymatic reduction of FMN by 
TPNH as measured by FMNH:2 formation. Subsequent incubation with 
glutathione (10-* m final concentration) restores most of the enzyme ac- 
tivity. The use of indophenol dye in place of FMNH: as an electron ac- 
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TaBLe IX 
Inhibition by p-Chloromercuribenzoate of Enzymatic Reduction of 
2,3’ 6-Trichloroindophenol by TPNH and 
Its Reversal by Glutathione 


—AE X 108 per min. 


React! —_— Experiment 1 | Experiment 2 
eaction mixtures | 


TPNH Dye | TPNH Dye 
oxidation, reduction, oxidation, reduction, 
at 340 me at 600 mp at 340 mye at 600 mp 


| | 
+ p-chloromercuribenzoatet (2 K 104 mM) | 30 25 | 45 | 20 
+ glutathione 110 9 | 13 | 
+ (107% m) | | | 


+ glutathione (107% m) 125 30, 20 
2 uM per ml.), 
0.10 ml. of FMN (0.09 un per ml.), 0.30 ml. of 10~° M 2,3’,6-trichloroindophenol dye, 
and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume of 3.0 ml. Reactions 
started by tipping the TPNH into the other components of the mixture in evacuated 
modified Thunberg tubes. 

+ The p-chloromercuribenzoate and glutathione additions to the enzyme are 
similar to those given in Table VIII. 


TABLE X 


Inhibition by p-Chloromercuribenzoate of Enzymatic Reduction of Nitrate 
by FMNH:z and Its Reversal by Glutathione 


Experiment 1 | Experiment 2 


mixtures® oxidation Nitrite oxidation Nitrite 
per min., formed, permin., formed, 
| | meow AEws | mun 
| 
Control 130 10 | 20 | 15 
+ p-chloromercuribenzoatet (2 1074 mM) | 1000 155 | 
(2x 104“) + | 145 11 195 | 14 
glutathione (10-3 m) | | | 
+ glutathione (10°% m) 


| 

* 0.50 ml. of enzyme containing 410 7 of protein, 0.20 ml. of FMNHz, (0.09 um per 
ml.), 0.1 ml. of 0.1 Mm KNQOs, 0.06 ml. of 10°? m p-chloromercuribenzoate, 0.3 ml. of 
10°? Mm glutathione, and 0.1 M pyrophosphate buffer, pH 7.0, to give a final volume 
of 3.0 ml. Reactions started by tipping the enzyme and nitrate into the rest of 
the constituents in an evacuated modified Thunberg tube. 

t Reduced flavin was prepared by reduction with Na.S.O, and Hz as deseribed. 

t The p-chloromercuribenzoate and glutathione additions to the enzyme were 
similar to those reported in Table VIII. 
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ceptor gave essentially the same results with p-chloromercuribenzoate and 
glutathione (Table LX). 

Effect of p-Chloromercuribenzoate on Nitrate Reduction by FMNH.-—The 
degree of inhibition by p-chloromercuribenzoate on the enzymatic reduction 
of nitrate by FMN Hb is relatively small (25 per cent), as shown in Table X. 
This slight inhibition is, also, reversed by subsequent incubation with glu- 
tathione. 


DISCUSSION 


The preceding experiments have demonstrated that the pathway of elec- 
tron transport in the enzymatic reduction of nitrate by TPNH _ proceeds 
through flavin and molybdenum, and that the dye, 2,3’ ,6-trichloroindo- 
phenol, when included in this system, may act as an artificial carrier be- 
tween flavin and molybdenum. This is summarized as follows: 


TPNH — FAD (or FMN) — Mo — NO;” 
2,3’, 6-trichloroindophenol 


A comparable scheme has been indicated by Mahler (9) for butyryl CoA 
dehydrogenase, involving the transfer of electrons from butyryl CoA by 
way of flavin and copper to an ultimate electron acceptor. 

The experiments demonstrating that chemically reduced flavin can serve 
as an electron donor suggested the possibility that enzyme systems which 
yield reduced flavin might be capable of replacing TPNH as the electron 
donor for nitrate reductase. FADH»: prepared enzymatically with the 
DPNH oxidizing system* from Clostridium kluyvert served as an electron 
donor for the reduction of nitrate in the presence of Neurospora nitrate 
reductase anaerobically. However, when pb-amino acid oxidase together 
with pL-alanine and FAD was used under anaerobic conditions in con- 
junction with the nitrate reductase system, virtually no nitrite was formed. 
A possible explanation for these results is that the FADH: formed in the 
p-amino acid oxidase reaction remains tightly bound to the enzyme and is 
therefore not formed in substrate quantities. This is confirmed by the 
visible reduction of FAD by the C. kluyvert system only. Along similar 
lines, it does not necessarily follow that reduced molybdate formed by 
other enzyme systems, possibly by the molybdate-containing xanthine 
oxidase, could serve as an electron donor for reduction of nitrate in the 
presence of nitrate reductase, as does chemically reduced molybdenum. 

The partially purified nitrate reductase used in the present studies was 
not homogenous as shown by electrophoretic patterns as well as the pres- 
ence of a weak DPNH oxidase and TPN-cytochrome c reductase. The 
latter system has already been shown to be different from nitrate reductase 


3’ Kindly provided by Dr. Morton M. Weber. 
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(1). Molecular hydrogen does not replace TPNH as an electron donor for 
nitrate reduction. That the first step of the above reaction sequence, 
namely the enzymatic reduction of flavin by TPNH, is conclusively due to 
nitrate reductase requires further experimentation. Each of the remain- 
ing two steps after flavin in the ultimate transfer of electrons from TPNH to 
nitrate, illustrated in the above scheme, is also catalyzed by nitrate reduc- 
tase. Although it appears that the enzyme is a single protein, the evidence 
is not conclusive. Thus far it has not been possible to demonstrate more 
than one protein by means of fractionation techniques. If the enzyme 
proves to be an individual protein, it would represent a versatile system in 
view of its ability to catalyze three different reaction steps, very likely at 
different sites on the enzyme molecule. This would not necessarily be an 
unusual property for an enzyme, since by analogy other metalloflavin 
systems such as butyryl CoA dehydrogenase, DPN-cytochrome c reductase, 
and possibly xanthine oxidase are single enzymes which also mediate the 
stepwise transfer of electrons by way of a number of carriers. 

It is of interest that iron appears to substitute, although to a much les- 
ser extent, for molybdate in the enzymatic oxidation of FMNHb2. This 
may be due, however, to the presence of the cytochrome c reductase, which 
can reduce Fet+*++ to Fet++ (10). The fact that Fe+*+ or Fe+* treated with 
NaS.O, failed to serve as an electron donor for the enzymatic reduction of 
nitrate in the presence or absence of molybdate rules out the réle of iron 
as an electron carrier in the Neurospora nitrate reductase system. — 

The change in oxidation state which molybdenum undergoes during 
electron transport is not clear. Latimer and Hildebrand (11) state that 
molybdenum may form compounds having positive oxidation states of 
2,3, 4, 5, and 6. The fact that MoO, (oxidation state +6) reactivates 
the purified molybdenum-free nitrate reductase suggests this form as the 
more oxidized state of the metal in the enzyme. The identity of the less 
positive oxidation state which the metal assumes during electron trans- 
port is not known. By analogy with other metalloproteins such as cyto- 
chrome c, polyphenol oxidase, and ascorbic acid oxidase in which the iron 
of cytochrome c and the copper of the latter two enzymes undergo single 
electron changes, one might speculate that molybdenum is reduced to the 
+5 oxidation state. However, reduction by dithionite at pH 7.0 may re- 
sult in any of the other oxidation states including the +4. 

The experiments with p-chloromercuribenzoate have shown that the 
—SH groups of the protein are necessary largely for the enzymatic reduc- 
tion of FMN by TPNH. Their possible réle in the binding of reduced 
flavin is secondary in view of the small inhibition by the mercury reagent 
in the stage involving the enzymatic reduction of nitrate by FMN Hb, (Table 
X). Should the —SH groups as such be functioning as electron donors to 
the flavin system, then glutathione or cysteine, which can reverse the in- 
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hibitory effect of p-chloromercuribenzoate, should substitute for TPNH. 
It has already been shown, however, that these sulfhydryl reagents cannot 
serve as electron donors for nitrate reduction (1). It seems more probable, 
therefore, that the —-SH groups are involved in the binding of TPNH or 
unreduced flavin to the enzyme. 

The fact that the FAD moiety of Neurospora nitrate reductase is readily 
dissociated during purification has made it difficult to arrive at a true value 
for the FAD-molybdenum ratio of the enzyme. The figures obtained for 
the FAD and molybdenum content of the purified enzyme, uncorrected for 
FAD loss during purification, are 2.0 X 10-4 um of FAD and 5.6 X 10> 
um of molybdenum per ml. of enzyme. FAD was determined by use of 
the p-amino acid oxidase apoenzyme procedure (1). 


SUMMARY 


With purified nitrate reductase from Neurospora it has been shown that, 
during the enzymatic transfer of electrons from TPNH to nitrate, both 
FAD (or FMN) and molybdenum function as electron carriers. The 
reduction sequence mediated by the enzyme in the absence or presence of 
added indophenol dye is as follows: 


TPNH — FAD (or FMN) — Mo — NO;- 
2,3’, 6-trichloroindophenol 


That flavin precedes molybdenum in this sequence was shown by the fact 
that cyanide-treated or molybdenum-free enzyme loses its ability to cat- 
alyze the reduction of nitrate to nitrite by TPNH or reduced flavin, al- 
though it will catalyze the reduction of flavin with a concomitant oxidation 
of TPNH. The addition of NasMoQ, specifically restores the ability of the 
molybdenum-free enzyme to catalyze the formation of nitrite from nitrate 
by reduced flavin. The rédle of molybdenum as an electron carrier was 
demonstrated by the observations that reduced molybdate, prepared with 
NaeS.O, and H, or with Pd and He, enzymatically reduces nitrate to nitrite. 

In further support of the above sequence it was shown that the indo- 
phenol dye is reduced enzymatically by either TPNH or FMNH,z in the 
presence of molybdenum-free enzyme. The enzymatic reduction of ni- 
trate by the leuco dye is cyanide-sensitive, does not require added flavin, 
and cannot be mediated by the molybdenum-free nitrate reductase. —SH 
groups are necessary for the enzymatic transfer of electrons from TPNH to 
flavin, as indicated by the marked inhibition by p-chloromercuribenzoate 
and its reversal by glutathione. Subsequent electron transport to nitrate 
is inhibited to a smaller extent by the mercury reagent. 
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THE METABOLISM OF PHENYLALANINE-4-C™ 


By RENATE DISCHE* anv D. RITTENBERGT 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, February 4, 1954) 


It is generally believed that the initial steps in the catabolism of phenyl- 
alanine are its oxidation to tyrosine (1) and subsequent conversion to 
homogentisic acid (2). As early as 1901, Meyer postulated that, during 
the conversion of tyrosine to homogentisic acid, a shift of the side chain 
occurs (3). In 1949 Schepartz and Gurin (4) showed in a study of phenyl- 
alanine-1 ,3,5-C™ that such a shift actually occurs and that the a- and 
8-carbon atoms of the side chain, together with carbon atoms 2 and 3 of 
the benzene ring, give rise to acetoacetic acid. The fate of the remaining 
four carbon atoms of the benzene ring has been disputed. Lerner (5) has 
isolated labeled malic acid after incubation of rat liver slices with labeled 
phenylalanine. Since the phenylalanine used in his experiments was 
uniformly labeled in the ring, no specific portion of the benzene ring could 
be unequivocally designated as the source of the malic acid. Further 
evidence has been supplied by Ravdin and Crandall (6) who prepared an 
enzyme system from rat liver slices which converted homogentisic acid to 
fumarylacetoacetic acid and another which hydrolyzed this to fumaric and 
acetoacetic acids. 

It is pertinent in this regard that Boyer et al. (7) have observed that 
phenylalanine substituted with fluorine in the meta position of the ring 
is toxic to animals. There is considerable evidence that compounds which 
are metabolized so as to yield acetic acid become toxic if fluorine is substi- 
tuted for hydrogen in positions which will result in the formation of fluoro- 
acetic acid (8). Analogous compounds containing fluorine attached to 
carbon atoms which on oxidation would have produced a carboxyl group 
are not toxic. As p-fluorophenylalanine does not appear to be toxic,! it is 
reasonable to suppose that carbon atom 4 of phenylalanine is the precursor 
of a carbonyl or carboxyl group of an organic acid. 

This paper deals with the metabolic breakdown of L-phenylalanine 
labeled with C™ in the carbon atom para to the side chain. 


* Submitted by Renate Dische in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in the Faculty of Pure Science, Columbia University. 

t On leave, 1953-54. Present address, Institute for Advanced Study, Princeton, 
New Jersey. 

' Rittenberg, D., unpublished results. 
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EXPERIMENTAL 


Synthesis of Acetyl-pi-phenylalanine-4-C'*—The reaction sequence lead- 
ing to acetylphenylalanine is given in Fig. 1. 

3-Methyl-1 , 5-pentanediol—3-Methylglutaric acid was prepared by the 
method of Kent and McElvain (9) and converted to the diethyl ester (10). 
This was reduced to the corresponding glycol by the addition of 0.05 mole 
of diethyl] 3-methy] glutarate in 150 ml. of anhydrous ether to 0.1 mole of 
LiAJH, in 100 ml. of ether. The reaction mixture was acidified and sub- 
jected to continuous ether extraction for 24 hours. From the extract the 
fraction boiling at 145.5-146° (15 mm.) was collected; yield, 4.72 gm. (80 
per cent of theory). 3-Methyl-1,5-pentanediol had previously been pre- 


BoCOz KHCOz ——= HCOOK 


CHz 
x 
HCOOCoHs 
+ —+ 
CH3CH(CHoCHoMgBr)o 
HO*H 


O O NHCOCH3 
* 


Fig. 1. Synthesis of phenylalanine-4-C'*. Radioactive carbon atoms are marked 
by asterisks. 


pared in 50 per cent yield by the reduction of diethyl 3-methy! glutarate 
with sodium and alcohol (11). 

3-Methyl-1 ,5-pentanediol, when heated with 2 equivalents of 3,5- 
dinitrobenzoy] chloride, is converted to the corresponding diester in quanti- 
tative yield. The crude material was recrystallized from an alcohol-water 
mixture; m.p. 121° (corrected). 


Cool Calculated, C 47.5, 3.6; found, C 47.5, 13.4 


3-Methyl-1 ,5-dibromopentane—3-Methy]-1 ,5-pentanediol was converted 
to the dibromide with the use of 48 per cent HBr by the usual procedure. 
It was isolated by steam distillation and fractionated in vacuo. The frac- 
tion boiling at 114—115° (17 mm.) was collected; yield of colorless 3-methy!- 
1 ,5-dibromopentane, 11.43 gm. (93.7 per cent of theory). 


C,Hy»Bre. Calculated, C 29.5, H 5.0, Br 65.5; found, C 29.6, H 4.8, Br 65.3 


This compound has also been prepared from benzoyl-4-methy]piperidine 
by the von Braun reaction in 65 per cent yield (12). 
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Ethyl Formate-C'—11 mm of BaCO;-C™ (11 me.) were converted to 
KHCO;, and the pH of the solution was adjusted to 8.15 with H3POx,. 
400 mg. of PdO. were added and the solution was hydrogenated (70° and 
2000 pounds pressure). The yield of potassium formate was practically 
quantitative (13). The solution was concentrated to a small volume, 
acidified, and subjected to continuous ether extraction. Recovery of 
activity was practically complete after 2.5 hours. Ethyl formate was 
prepared by treating the ethereal solution of formic acid with ethereal 
diazoethane. The amount of reagent consumed indicated an over-all 
yield of 90 per cent based on the barium carbonate used. 

was prepared 
according to the method of Grignard and Vignon (14) for the synthesis of 
l-methylcyclohexanol. The ethyl formate-C™, diluted with non-isotopic 
compound to 0.05 mole, was added to the Grignard reagent which had been 
prepared from 10 gm. (0.41 mole) of magnesium and 11.5 ml. (0.075 mole) 
of the dibromide. It was purified by fractionation in vacuo (b.p. 80° per 
16mm.). In corresponding non-isotopic runs a yield of 48 per cent of the 
theoretical was obtained. 

4-Methylcyclohexanol was converted to toluene by dehydration over 
Al,O3 at 375° and subsequent dehydrogenation over 5 per cent palladium 
on AlsOs at 375° (15). In non-isotopic runs a practically quantitative 
yield of toluene was obtained. Crude toluene-4-C™, diluted with sufficient 
non-isotopic toluene to give a total of 0.05 mole, was converted to benzyl 
bromide by the method of Sampey et al. (16). The yield of product boiling 
at 90° per 16 mm. in corresponding non-isotopic runs was 70 per cent 
of theory. 

Acetyl-pL-phenylalanine was prepared from benzyl bromide according 
to the procedure of Snyder et al. (17). 6.85 gm. (0.040 mole) of benzyl 
bromide-4-C™ yielded 5.85 gm. of crude acetyl-pL-phenylalanine. After 
recrystallization from alcohol-water, the purified product weighed 5.00 gm. 
(60 per cent yield based on benzyl bromide); m.p. 149-150° (corrected). 

Resolution of Acetyl-pi-phenylalanine—5 gm. of acety]-pL-phenylalanine 
were resolved enzymatically by the method of Huang and Niemann (18); 
yield of purified L-phenylalanine 1.580 gm. (75 per cent). 


—34.5° (ec = 1 in HO) 


For the recovery of p-phenylalanine the brown filtrate remaining from 
the isolation of acetyl-pL-phenylalanine toluidide was acidified to Congo 
red and subjected to continuous ether extraction for 18 hours. The ether 
was removed in vacuo and the brown syrup remaining was dissolved in 8 
ml. of 28 per cent ammonium hydroxide solution. The solution was 
heated on the steam bath to drive off the excess NH3. On adding a large 
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volume of acetone, the white crystalline ammonium salt of acetyl-p- 
phenylalanine precipitated. It was collected and washed with cold ace- 
tone. The crude ammonium salt of acetyl-p-phenylalanine was dissolved 
in 25 ml. of water and acidified to Congo red. The suspension was chilled 
in an ice water bath and filtered with suction; yield, 2.240 gm. (89.6 per 
cent of theory); m.p. 177—177.6° (corrected). 


[a]?> —39° (c = 2 in methanol); [a]? —46° (c = 2 in ethanol) 


On hydrolysis and recrystallization p-phenylalanine was isolated in 77 
per cent yield. 
[a]? +34.5° = 2 in 


The t-phenylalanine was diluted exactly 100-fold with non-isotopic 
phenylalanine and counted at infinite thickness (see below). Its activity 
was 3.0 X 10° ¢.p.m. per dish of labeled carbon. By comparison with an 
absolute standard (BaCQO;) this was found to correspond to an absolute 
activity of 0.026 me. per mm of the undiluted L-phenylalanine-4-C™. 

The total radioactivity of the 9.6 mm (1.58 gm.) of L-phenylalanine is 
therefore 0.026 K 9.6 = 0.249 me. The radioactive yield was 2.24 per 
cent. 

Measurement of Radioactivity All samples were assayed for radioactivity 
as “infinitely thick” circular deposits 16.2 mm. in diameter by a thin win- 
dow Geiger-Miiller tube. The final values were expressed as counts per 
minute per dish of carbon. Sufficient counts were taken to reduce the 
standard deviation to 5 per cent or less. 

Animal Experiments—Albino rats weighing about 200 gm. each were 
fasted for 24 hours and then given 50 mg. of labeled L-phenylalanine (ac- 
tivity 3 & 10° ¢.p.m. per dish of labeled carbon), together with 150 mg. of 
DL-a-amino-y-phenylbutyric acid in 6 gm. of 15 per cent casein diet (19). 
After 6 hours an additional 125 mg. of the aminophenylbutyric acid in 6 
gm. of the diet were given. Metabolism cages which allowed collection of 
respiratory carbon dioxide and urine were used. 

The 24 hour urine was adjusted to pH 8 and subjected to continuous 
ether extraction for 4 hours. This extract was discarded. The aqueous 
residue was acidified to Congo red and the extraction repeated for 18 hours. 
The resulting brown-red oil was dissolved in a large amount of acetone and 
treated dropwise with 28 per cent ammonium hydroxide. The white 
precipitate of ammonium a-acetamino-y-phenylbutyrate was washed with 
acetone, dissolved in a minimal amount of hot water, and acidified to 
Congo red. The crude precipitates from four separate experiments were 
combined and recrystallized to constant activity to eliminate a highly 
radioactive impurity. The activity of this acetaminophenylbutyric acid, 
m.p. 179° (corrected), was 2.2 c.p.m. per dish, corresponding, on the as- 
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sumption that only | carbon was labeled, to 39 counts per dish of labeled 
earbon. The activity of acetate must therefore be negligible. This re- 
sult was confirmed by measuring the activity of cholesterol isolated (20) 
from liver slices which had been incubated with phenylalanine-4-C" (see 
below). The activity was only 1 ¢.p.m. per dish of cholesterol. The rate 
of elimination as respiratory carbon dioxide of the radioactivity adminis- 
tered as phenylalanine rose from about 13 per cent after 10 hours to about 
19 per cent after 24 hours. In one experiment pb-phenylalanine was fed to 
arat. The rate of elimination as CQ, was similar to that of the L isomer. 

Experiments with Rat Liver Slices—The possibility that carbon atom 4 
of phenylalanine was utilized for acetoacetate formation was investigated 
in rat liver slices. In each of three experiments, 8 gm. of liver slices from 
fasted young albino rats were incubated for 2 hours in Krebs-Ringer phos- 
phate buffer of pH 7 with 10 mg. of the labeled L-phenylalanine. Oxygen 
was passed through the system at a rapid rate. Non-isotopic acetoacetate 
(0.25 mm) was added 30 minutes before the end of the incubation. The 
proteins were precipitated from the supernatant fluid by the copper lime 
method (21) and the filtrate was divided into two equal portions, which 
were subjected to Methods A and B. | 

Method A-One portion (50 ml.) was acidified to Congo red. Dissolved 
COs was removed in a current of nitrogen; 35 ml. of 10 per cent mercuric 
sulfate and 10 ml. of 50 per cent sulfuric acid were added and the mixture 
was refluxed for 1.5 hours (21, 4). Carbon dioxide, presumably arising 
from the carboxyl group of acetoacetate, was collected as barium carbon- 
ate. The acetone, which precipitated as a crude (yellow) mercury com- 
plex, had considerable radioactivity. It was purified by decomposition in 
acid, distillation of the liberated acetone, and reprecipitation as the mer- 
cury complex. The activity of the (now colorless) product was zero. 
The results are given in Table I. 

Method B-—The other portion (50 ml.) of the filtrate was treated with 
permanganate (22, 4) at pH 1 to 2 at 0° for various lengths of time. The 
carbon dioxide was aspirated into barium hydroxide, the excess perman- 
ganate was decomposed with hydrogen peroxide, and acetic and formic 
acids were distilled. The formic acid was oxidized to carbon dioxide by 
boiling under a reflux with a solution of mercuric sulfate. The acetic acid 
remaining was distilled, identified by its Duclaux constant, and assayed 
for radioactivity as the silver salt. The results are given in Table I. 

The data obtained by the two methods do not agree. The activity of 
the “carboxyl”? CO, as obtained by Method B is 3 to 9 times that obtained 
by Method A. Indeed, all values of Method B seem to be higher than 
those of Method A and this suggests the presence of more than one radio- 
active substance which can give rise to labeled CO,.. Exchange of the 
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COOH group of acetoacetate with CO. during the degradation procedure 
was ruled out by degrading non-isotopic acetoacetic acid which had been 
exposed to highly active CO, at pH 3. 

That the acetate fraction of Method B arises from a heterogeneous 
source is demonstrated in Experiment 3. In this case the reaction mixture 
was allowed to stand with potassium permanganate at O° for 15 hours, 
The activity of the acetate isolated was zero. This agrees with the finding 
that the acetone fraction of Method A was completely inactive. FElimina- 
tion of the radioactive contaminant was attempted by extracting the de- 
proteinized supernatant fluid from a liver slice experiment with ether and 
degrading the ethereal extract: the results were similar, showing that the 
impurity or impurities were ether-soluble. 


Investigation of Methods of Degradation of Acetoacetate from Liver Slice Experiments 
Method A, decarboxylation with HgSO,-HSO, (21, 4); Method B, oxidation with 
permanganate at pH 1 to 2 (22, 4). Radioactivity of reaction products in counts 
per minute per dish of carbon. 


Method A Method B 
Experi- 
ment No. Time of cac Time of 
| CHsCOCH; COs CH,;COOH HCOOH CO» 
hrs. | hrs. 
1.5 0 | 7,250 2065 i i=34,177 
2 1.5 0 | 13,581 3 339 2597 34,540 
3 1.5 0 | $3,917 15 0 | 950 37 S76 


Possible interfering substances were tested systematically with both 
methods of acetoacetate degradation (see Table II). From the data it is 
evident that by Method A carbon dioxide will not only be produced from 
acetoacetic acid but from other a- or 8-keto acids. Similarly, under the 
conditions used in Method B CQ, is produced from many compounds. 
Indeed, of all compounds tested, fumaric acid reacted most rapidly with 
acid permanganate. It is not therefore surprising that the radioactivity 
of the carboxyl carbon dioxide obtained by Method B differs from that of 
Method A. 

Oxalacetic and acetoacetic acids are stable in 0.1 N sulfuric acid at 0°, 
but are readily decarboxylated at 100°. Malic acid, fumarie acid, citric 
acid, and the a-keto acids are not decarboxylated under these conditions. 
In the presence of mercuric ions the a-keto acids decarboxylate in 0.1 N 
sulfuric acid at 100°. For this reason in Method A carbon dioxide is not 
obtained specifically from acetoacetic acid but rather from the a- and 8- 
keto acids. Citric acid and the a-keto acids are oxidatively decarboxylated 
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in the presence of an excess of ceric sulfate in 0.1 N sulfuric acid at 0°; 
malic acid is practically stable under these conditions? (see Table ITI). 
The reaction between the a-keto acids with ceric sulfate in acid solution 
requires | atom of oxygen and produces | mole of carbon dioxide per mole 
of keto acid. The oxidative breakdown of citric acid is complex. 4.2 
moles of carbon dioxide are produced and 7.7 atoms of oxygen consumed 
per mole of citric acid. The three carboxy! groups and quaternary carbon 
atom of citric acid are oxidized by ceric sulfate to carbon dioxide, while the 
methvlene carbon atoms are converted to formic acid (23). The oxidation 
of malic acid also proceeds in a complex fashion. If the temperature is 


TABLeE II 


Effect of Method A (HgSO,-H»SO,) and Method B (Permanganate at pH 1 
to 2) on Mixtures of Structurally Related Acids 


Mixture of acids tested* Method A | Method B 


Fumarie acid No decarboxylation _ Immediate decarboxylation 
Succinie “ | 

Lactic acid No decarboxylation Very slow decarboxylation 
Malic | 
Citrie “ | 

a-Ketoglutaric acid | Slow decarboxylation Slow decarboxylation 
Pyruvic acid 
Acetoacetic acid Rapid decarboxylation 


Oxalacetic “ | 


*0.05 mo of each acid used. 


not allowed to rise above 0°, only a negligible amount of malic acid will be 
attacked by acid ceric sulfate at 0°. At 25°, however, malic acid is rapidly 
oxidized with consumption of 4.5 atoms of oxygen and production of 2.6 
moles of carbon dioxide (see Table ITT). 

These differential oxidations were applied to the supernatant fluids from 
experiments in which rat liver slices were incubated with L-phenylalanine- 
4-C". The supernatant fluids were deproteinized by 2 per cent HClO 
after the appropriate carrier had been added. The protein-free filtrate 
was adjusted to pH 1 with sulfuric acid and made up to a volume of 100 
ml. After being freed of dissolved carbon dioxide, the solution was boiled 
under a reflux for 30 minutes or until the evolution of carbon dioxide (from 


? Dische, Z., and Bernheimer, H., private communication. 
* Better recoveries of various organic acids were obtained when the proteins were 
precipitated with HCIO, instead of copper lime. 


re 
el 
us 
ire 
rs. 
ng 
a- 
le- 
nd 
he 
nls 

th | 

is 
ym 

he 
ds. 
ith 
ity 

of 
0°, 
ric 
ns. 

N 
10t 

3- 
ted 


206 METABOLISM OF PHENYLALANINE-4-c"4 


the decarboxylation of the 6-keto acids) had ceased. The carbon dioxide 
was precipitated with barium hydroxide (see Table IV). The reaction 
mixture was then cooled to 0° and an excess of 0.5 N ceric sulfate added. 
Carbon dioxide derived from the oxidative decarboxylation of the a-keto 
acids and citric acid was isolated as barium carbonate. When no more 
carbon dioxide was produced (1 hour), the reaction mixture was warmed 
to 25° and kept at this temperature for 1 hour. This is sufficient time for 
all malic acid to react. The reaction mixture was now cooled to 0° and 
treated with a slight excess of potassium permanganate (based on fumaric 
acid added as carrier). Since the great speed of the reaction with potassium 
permanganate is characteristic of fumaric acid, the process was continued 
for only 30 minutes. 


III 
Differential Oxidations of Organic Acids 


0.1 to 0.15 mm of acid dissolved in 35 ml. of water, 0.2 ml. of 17.2 N H»SO, added, 
swept free of dissolved CO:2; an excess of ceric sulfate added; solution approximately 
0.1 N acid; CO2 collected as BaCO;. Iixcess ceric sulfate titrated with arsenite. 


Temperature (Moles of COs produced) Atoms of O2 consumed 
“C. 
0 2 1 
Citric 0 4.2 7.7 
Malic oy Ee 0 | 0.1 Not tested 
| 25 | None None 


The results of radioactivities of the BaCO; formed in five degradations 
with addition of non-isotopic carrier of the desired intermediate are given 
in Table IV. 

In all experiments the main activity was found in the malic acid-fumaric 
acid fraction. The addition of carrier does not reduce this activity, indi- 
cating that, indeed, one of the two 4-carbon acids, malic acid or fumaric 
acid, is the intermediate product from the metabolic breakdown of the ring. 

In order to obtain direct information, an experiment was carried out in 
which fumaric acid was isolated from the supernatant fluid of a tissue slice 
experiment. 80 gm. of liver slices (obtained from twelve male, fasted 
albino rats weighing 100 gm. each) were incubated with 80 mg. of L-phenyl- 
alanine-4-C™ for 3.5 hours at 38°. During the incubation 0.4 mm of non- 
isotopic fumaric acid was added (0.2 mm after 1 hour and an additional 0.2 
mm after 2.5 hours of incubation). The supernatant fluid from the liver 
slices was deproteinized by 2 per cent HClO, 1.2 mM of non-isotopic 
fumaric acid were added (total carrier added; 1.6 mm = 186.4 mg.), and 
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the solution was subjected to continuous ether extraction for 24 hours. 
After the evaporation of the ether, water was added to the residue and the 
mixture was made alkaline to phenolphthalein with sodium carbonate, 
then extracted with ether, and the aqueous solution (1 to 2 ml.) was acidi- 
fied with dilute HCl. Fumarie acid precipitated in the cold; yield, 133 mg. 
The crude material was purified by recrystallization from water and then 
sublimed three times at 160° (0.2 mm.) until the activity (Fig. 2) remained 
constant (800 counts); yield, 80.5 mg. (43 per cent); m.p. 286—287°. 


TaBLe IV 
Incubation of Rat Liver Slices with Phenylalanine-4-C™ 
8 gm. of rat liver slices incubated with 10 mg. of L-phenylalanine-4-C" for 2 hours 
at 38°; gas phase oxygen. Carrier added as indicated. Carbon dioxide collected 
as BaCO;. Radioactivity in counts per minute per dish of carbon; the yield of 
CO», as mg. of BaCQs, is given in parentheses. 


B-Keto a-Keto Malic Fumaric 
No. athe acids acids acid acid 
During incubation* After incubation 
1 None 0.3 mM acetoacetic 680 6,120 | 4,400 
acid (20) (14.7)| (45) 
0.3 mm malic acid 
0.3 fumarie acid 
2 0.2mm fumarie 1849 6,333 | 8,124 
acid (17.6) (23.6)} (55.7) 
3. | None 2385 25, 264 
(12.7) (30.3) 
4 | 02mm pyruvic 0.1 “ pyruvic “ | 2239 | 587 
acid | (19.8)| (17.7) 
5 |0.2mMmpyruvie 0.1 ‘ fumaric “ 682 | 4665 14,795 | 28,343 
acid | (14.6); (10.9)| (17.2) (36.5) 


* At 0.5 and 1.5 hours. 


The purified fumaric acid still contained some radioactive impurity, for 
on conversion to succinic acid the activity decreased by 5 per cent (Fig. 
2). A solution of 58 mg. (0.5 mm) in 25 ml. of methanol was catalytically 
reduced with hydrogen at atmospheric pressure and room temperature. 
13 ml. of hydrogen were consumed (theory 12.5 ml.). Yield of succinic 
acid, 57 mg. (97 per cent); m.p. 182—182.5° (corrected) ; activity 756 ¢.p.m. 
per dish, calculated as carbon. After recrystallization from water, the 
activity was 755 counts. 

The Hunsdiecker degradation (24) of carboxylic acids is not effective on 
fumaric acid. In an experiment with synthetic fumarie acid-2,3-C" 
(kindly supplied by Dr. A. San Pietro of this laboratory), only 25 per cent 
of the theoretical amount of CO, was obtained and this possessed radio- 
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activity corresponding to a contamination by nearly 4 per cent of carbon 
from positions 2 and 3. On the other hand, a sample of synthetic succinic 
acid-2 ,3-C™ yielded 53 per cent of the theoretical amount of COz after 2 
hours and a further 23 per cent after 4 hours more; the activity of these 
fractions corresponded to only 0.1 and 1 per cent of contamination by the 
methylene carbon atoms, respectively. 

A sample of the succinic acid (755 counts) prepared from fumaric acid 
isolated from the liver slice experiment was converted to the silver salt 
(activity 757 counts) and subjected to the Hunsdiecker procedure. The 


cts. /min. 
dishC mg. 
A-Loss in wgft 
@=-Loss in activity in counts 
per min. per dish of carbon 
900 
800 80r 
sublimation 2 He 


Fic. 2. Purification of C'*-fumariec acid isolated from a liver slice on incubation 
with phenylalanine-4-C!*. 


resulting barium carbonate showed 1528 counts (calculated, 1510), which 
demonstrated that the activity resided entirely in the carboxyl groups. 

Utilization of Carbon 4 of Phenylalanine for Glycogen Synthesis—Two 
male albino rats weighing 200 and 320 gm., respectively, were fasted for 
48 hours prior to receiving 50 mg. of L-phenylalanine-4-C" in 7 gm. of 5 
per cent casein diet. 3 hours later the animals were decapitated; their 
liver glycogen was isolated and purified to constant activity by the method 
of Frankel (25). Yield of glycogen activity for Rat A, 172 mg., 842 c.p.m. 
per dish of carbon; for Rat B, 240 mg., 933 ¢.p.m. per dish of carbon. 

Glycogen was converted to glucose which was then subjected to chemical 
and bacterial degradations (26). In the chemical degradation only carbon 
atom 3 of glucose is obtained individually as carbon dioxide. In the bac- 
terial degradation carbon atoms | and 6 are obtained simultaneously as 
iodoform, carbon atoms 2 and 5 as carbon dioxide, and carbon atoms 3 and 
4 as carbon dioxide. 


| 
| 
ac 
th 
de 
In 
CO 
ce 
m¢ 
ph 
ad 
ca 
res 
rat 
act 
fu 
su 
act 
CO 
| 
der 
| 


cr 


R. DISCHE AND D. RITTENBERG 209 


The results are given in Table V. 94 per cent of the radioactivity of 
glycogen was found to be distributed between carbon atoms 3 and 4 of 
glucose. Since carbon atom 3 was shown to contain 26 per cent of the 
activity of glycogen, the remaining 68 per cent is located in carbon atom 
4. 2 per cent of the radioactivity of glycogen was distributed between 
carbon atoms | and 6 and 2 per cent between carbon atoms 2 and 5 of 
glucose. 


TABLE V 
Utilization of Carbon Atom 4 of Phenylalanine for Glycogen Synthesis; 
Distribution of Radioactivity in Glycogen 
Per cent total activity in glycogen 


Experiment No. Method of degradation 
| C-1,6 | C-3 | C34 | C2,5 
Chemical | | 
2 Bacterial 2 | | 4 2 
DISCUSSION 


A direct conversion of carbon 4 of the benzene ring of phenylalanine to 
acetate does not take place. When labeled phenylalanine was fed to rats, 
the acetate excreted as acetaminophenylbutyric acid in the urine had only 
0.0001 per cent of the radioactivity administered. Cholesterol, which 
derives at least half of its carbon atoms from acetate (27), also possessed 
insignificant radioactivity (0.00015 per cent). These slight amounts 
could have been derived by carbon dioxide fixation. From 13 to 25 per 
cent of the radioactivity administered as phenylalanine-4-C™ was recovered 
as respiratory carbon dioxide during 24 hours. 

Experiments with liver slices showed that acetoacetate is not an inter- 
mediate in the metabolism of the labeled portion of the benzene ring of 
phenylalanine. In one experiment (Table IV, Experiment 1) in which 
equimolar amounts of carrier acetoacetate, fumarate, and malate had been 
added after incubation, the ratios of the radioactivity of the CO, from the 
carboxyl groups of acetoacetate, fumarate, and malate were 1, 6.5, and 9, 
respectively. Since the dilution of radioactive carbon dioxide from fuma- 
rate and malate is at least twice that of acetoacetate, the ratio of radio- 
activity in the carboxyl groups is 1:13:18. The highest activity is in the 
fumarate-malate fraction. As liver is known to contain fumarase, it is not 
surprising that activity is present in both malate and fumarate. The 
activity found for acetoacetate is probably due to contamination with 
CO» from traces of oxalacetate present in the tissue. 

If the radioactivity recovered in the malate-fumarate fraction had been 
derived from pyruvate arising directly from the labeled portion of phenyl- 
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alanine, addition of pyruvate during the experiment should have diluted 
the radioactivity in the fumaric acid fraction. However, addition of 
pyruvate during the incubation had no influence on the radioactivity of 
the fumaric acid (Table IV, Experiments 3 and 5). 

Ravdin and Crandall (6) incubated homogentisic acid with soluble liver 
extract and isolated fumarylacetoacetic acid. They found another enzyme 
in the liver which hydrolyzes fumarylacetoacetate to fumarate and aceto- 
acetate. This, together with the evidence here presented, indicates that 
fumaric acid is a product of cleavage of the benzene ring of phenylalanine 
and that carbon atom 4 reappears in one of its carboxyl groups. 

Fumaric acid-1 ,4-C' should yield, in vivo, pyruvie acid-1-C'™ which in 
turn should produce glycogen labeled principally in positions 3 and 4 (26), 
This is borne out by the findings in the bacterial degradation which indi- 
cate that carbon atoms 1, 2, 5, and 6 contained almost none of the activity, 
whereas 68 per cent was present in position 4 and 26 per cent in position 
3 (Table V). 

Lifson et al. (28) have shown that, in the degradation of glucose by 
periodate, carbon from position 3 is contaminated to the extent of 20 to 30 
per cent with carbon arising from the neighboring atoms. However, the 
discrepancy between the values obtained for carbon atoms 3 and 4 is too 
large to be explained by such dilution. It is of interest that Bidder (29) 
found carbon atom 6 of unsymmetrically labeled glucuronic acid (from the 
active guinea pig liver slice on lactate-3-C™) to have a specific activity 2.5 
times that of carbon atom 1. 

The 3-phosphoglyceraldehyde and dihydroxyacetone phosphate, which 
condense to yield fructose-1 ,6-diphosphate, are interconvertible owing to 
the activity of triose isomerase; carbon atom 4 of glycogen is derived from 
carbon atom | of 3-phosphoglyceraldehyde and carbon atom 3 from carbon 
atom 3 of dihydroxyacetone phosphate. If glycogen were formed from 
the general pool of pyruvic acid in the body, the activities of carbon atoms 
3 and 4 should be identical, as was found to be the case when radioactive 
carbon dioxide was administered to the animal (26). The unequal radio- 
activity found in our experiment suggests that the condensation of 3-phos- 
phoglyceraldehyde, derived from phenylalanine via fumarie acid, with 
unlabeled dihydroxyacetone phosphate present in the cell proceeded more 
rapidly than its isomerization to dihydroxyacetone phosphate. 

Another possible explanation is the direct formation of glycogen from 
pyruvic acid and a dicarboxylic 4-carbon acid of the tricarboxylie acid 
cycle without prior transformation of such a dicarboxylic acid to pyruvic 
acid. If dihydroxymaleic acid were formed directly from the benzene ring 
of phenylalanine, it could react with 3-phosphoglyceraldehyde according 
to Akabori et al. (30) with formation of ribose phosphate in which carbon 
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3 is labeled but not carbon 2, since the latter would be derived from the 
unlabeled central carbon atoms of dihydroxymaleic acid. A hexose arising 
from ribose phosphate-3-C™ (31) would be labeled in position 4 only, and 
this would dilute the activity of carbon 3 of hexose labeled evenly in car- 
bon atoms 3 and 4. 


This work was supported by a grant from the Committee on Growth of 
the American Cancer Society on recommendation of the National Research 
Council. 


SUMMARY 


L-Phenylalanine-4-C"™ is metabolized in rat liver slices to yield carboxyl- 
labeled fumaric and malic acids. ‘This is in accordance with the results of 
Ravdin and Crandall who have demonstrated that homogentisic acid is 
converted to fumarylacetoacetic acid tn vitro. 
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ISOLATION, IDENTIFICATION, AND FUNCTION OF LONG 
CHAIN FATTY ALDEHYDES AFFECTING THE 
BACTERIAL LUCIFERIN-LUCIFERASE 
REACTION * 


By BERNARD L. STREHLERfT ann MILTON J. CORMIER 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 


(Received for publication, May 19, 1954) 


Although luminous bacteria are among the most accessible of light-pro- 
ducing organisms, until recently attempts to obtain the light-producing 
reaction in vitro have been unsuccessful. Owing partly to the development 
of ultrasensitive light-detecting apparatus such as the quantum counter 
(1), it has been possible in our laboratory to develop procedures required 
to obtain a sustained bright luminescence from extracts of the luminous 
bacterium Achromobacter fischeri and from the other nine strains of lum- 
inous ‘bacteria tested (2). Since it was a simple matter to detect the min- 
imal luminescence emitted when an acetonized powder from ]uminous 
bacteria was suspended in water, a systematic investigation of the effect of 
various physical and chemical factors soon led to the experimental pro- 
duction of a bright luminescence. Initially, we found that DPN! or its 
reduced homologue was a factor which first became limiting for lumines- 
cence (3). Subsequently (4), at least two other factors were found to be 
necessary for optimal luminescence. One of these compounds is FMN; 
the other is a factor from hog kidney cortex which we have termed KCF. 

McElroy and coworkers have confirmed the finding of a DPNH), re- 
quirement for luminescence and they have also observed a requirement for 
FMN (5, 6). In addition, they observed that another factor obtained 
from the bacteria which they have considered analogous to firefly luciferin 
(7, 8) is necessary for luminescence. Their basis for this terminology was, 
by analogy to the inactivation of firefly luciferin, apparently the destruction 
of this heat-stable factor during luminescence. It is not at present clear 
whether this loss of activity is dependent on light emission or merely on 
removal by an unknown enzymatic action in the bacterial extracts. 

Recently, we have reported in preliminary form (9) the identification of 


* Work performed under contract No. W-7405-eng-26 for the Atomic Energy Com- 
mission. 

t Present address, Institute of Radiobiology and Biophysics, University of 
Chicago, Chicago, Illinois. 

‘The abbreviations used in this paper are as follows: DPN, diphosphopyridine 
nucleotide; FMN, flavin mononucleotide; KCF, kidney cortex factor; DPNHb2, re- 
duced diphosphopyridine nucleotide. 
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KCF as plasmal (10), or specifically, palmitic aldehyde. This paper de- 
scribes the purification steps, identification procedures, and enzymology of 
palmitic and homologous fatty aldehydes in the bacterial luminescent 
reaction. Evidence will be presented concerning the site of action of these 
Feulgen-positive components in the sequence of reactions leading to lum- 
inescence. 


EXPERIMENTAL 
Materials and Methods 


The light-measuring equipment consisted of a liquid nitrogen tempera- 
ture photomultiplier (1P22) operated as a pulse-counting device (1). A 
convenient sample of the bacterial enzyme prepared as described earlier (4) 
was diluted 5:1 with phosphate buffer, pH 6 (0.1 m), and DPNH) and 
FMN were added in excess. The effect of added factors was determined 
by the increase in luminescence. 10- to 200-fold increases in luminescence 
were observed. 

DPNH2 and FMN were obtained from the Sigma Chemical Company, 
St. Louis, Missouri, defatted hog kidney cortex from the Viobin Labora- 
tories, Monticello, Illinois, heptaldehyde from the Eastman Kodak Com- 
pany, Rochester, New York, and decaldehyde from the Columbia Organic 
Chemical Corporation, Columbia, South Carolina. Octyl and undecy! 
aldehydes were prepared by a bichromate oxidation of the respective al- 
cohols and steam distillation of the aldehyde (11). Pelargonic aldehyde 
was prepared by ozonolysis of oleic acid followed by decomposition with 
zine and acetic acid of the ozonide and steam distillation of the aldehyde 
from the reaction mixture (12). Palmitic aldehyde was prepared from the 
acid chloride by a Rosenmund reduction (13). 


Results 


Preliminary Considerations—The first evidence obtained concerning the 
necessity of a factor other than DPNHb, for luminescence of bacterial ex- 
tracts was an early observation in our laboratory that a boiled acetonized 
powder would markedly increase the luminescence of a preparation that 
had been ‘‘exhausted”’ by continued luminescence in the presence of ex- 
cess DPN Hb, plus malate. After several hours of luminescence, the enzyme 
responded only weakly to further additions of DPNH». At this point the 
addition of boiled bacterial extract produced a marked increase in lum- 
inescence. Even when a non-exhausted preparation was used, a 2- to 
4-fold stimulation was obtained by adding boiled bacterial powders. 

Certain lines of evidence suggested that this component is not diffusible. 
Chief among these was the failure of prolonged dialysis (5 days) to prevent 
a response to DPNH». This suggested that either no dialyzable factors in 
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addition to DPN H:, are required in order for some luminescence to occur or 
that other diffusible components, if required, are non-dialyzable. Addition 
of the concentrated dialysate to an exhaustively dialyzed preparation 
produced no increase in the luminescence. 

Attempts were made to fractionate the boiled bacterial extracts in an 
effort to concentrate the activity therein. These attempts generally failed. 
Briefly, it was noted that the activity was carried along with the heat- 
precipitated residue of the boiled extracts, little if any activity remaining in 
the supernatant solution. Attempts to liberate a factor from this precip- 
itate through 1 N acid digestion at 100° for 1 hour, digestion with papain, 
rattlesnake venom, ribonuclease, or lipase were unsuccessful. 

One of the possibilities at this point was that the activity was due to some 
unspecific protein effect or to some other factor associated with the débris. 
To test this possibility a number of tissue extracts were prepared, including 
extracts of kidney cortex powders. In water extracts of this tissue, a po- 
tent stimulatory factor was present in the supernatant solution and in the 
precipitate. The most active extract was that obtained from hog and beef 
kidney cortex and beef liver. This supernatant solution was of an order of 
magnitude more potent than the boiled bacterial powders. The further 
steps in purification and identification of KCF are detailed in the next 
section. 

Isolation and Identification—Various procedures were attempted during 
the purification of KCF, including ion exchange, charcoal chromatography, 
and counter-current distribution. Ion exchange on Dowex 1 and 50 was 
unsuccessful, owing largely to the elution difficulties encountered. Chro- 
matography on charcoal was more promising. The active component ad- 
sorbed well on a charcoal column from a water-methanol solution and was 
eluted with chloroform with considerable purification. However, an at- 
tempted improvement in the chromatographic separation by a preliminary 
wash composed of equal volumes of methanol and chloroform, which re- 
moved much inactive colored material, was unsuccessful. The active 
material could not be removed from the charcoal with chloroform following 
the preliminary wash. Finally, a counter-current separation involving a 
partition between 10 per cent water-methanol and hexane was attempted. 
The partition coefficient of the crude material between these solvents was 1. 
However, on repeated partition and development, the activity was found 
concentrated in the first few tubes of the methanol phase, indicating that 
the partition coefficient changed during the purification process. Although 
considerable concentration of the active principle was achieved by this 
method, the procedure followed in large scale preparations is shown in 
Diagram 1. 

5 kilos of kidney cortex powder were extracted two times with twice its 


de- 
y of 
‘ent 
1ese 
im- 
ra- 
A 
(4) 
ind 
ied 
nce 
ny, 
ra- 
ym- 
nic 
cyl 
al- 
‘de 
ith 
rde 
he 
he 
ed 
iat 
he 
m- 
to 
le. 
nt 
in 


216 LUCIFERIN-LUCIFERASE REACTION 


Kidney cortex powder 
Chloroform 
Evaporate in presence 
of hexane 


Extract with 10% H.O- 


methanol 
L 
Hexane Methanol 
Acidify, HCl; extract 
| with hexane 
Hexane 
Concentrate; add acetone 
until complete pptn. 
L 
Ppt. Acetone 
Concentrate; add H.O, HCl 
Ppt. Supernatant solution 
Suspend in NaOH; ppt. with H.O; 
dissolve in minimal amount of 
acetone; cool to —20° 
4 
Ppt. Supernatant solution 
Concentrate and cool 
Ppt. Supernatant solution 
Add chloroform-methanol; 
concentrate and cool 
‘ 
Ppt. Supernatant solution 
Dissolve NaQH; ppt. with HCl; 
wash with H.O 
Purified KCF 


DIAGRAM 1 


volume of chloroform. The chloroform was evaporated to a small volume 
(about 600 ml.) at room temperature in vacuo and a small amount of hexane 
(about 500 ml.) was added. The chloroform was then completely removed 


In 

an 

th 

tiv 

an 
anne 

lite 

Car 

Nit 

Hey 

Nol 

Pal 

AC 
leng 

309 

wer 
solu 

cpl 

Th 

HC 
solu 

Was 


ion 


me 
ane 


ved 


B. L. STREHLER AND M. J. CORMIER 217 


in vacuo. The concentrated extract in hexane was partitioned between 
an equal volume of methanol (containing 10 per cent water) and hexane 
through seven counter-current stages with separatory funnels. The ac- 
tivity remained largely in the methanol-water laver, while copious amounts 
of colored impurities were removed in the hexane layer. The pooled meth- 
anol fractions (3 liters total) were acidified with HCI to about pH 2 to 3 
and extracted three times with 4 volume of hexane (total volume about 3 


liters). 


TABLE I 


Elementary Analysis and Molecular Weight Determinations 
of KCF Dinitrophenylhydrazone 


| Per cent calculated for 


Average 
‘Analyses 
Per cent found Cis aldehyde C is aldehyde 
Carbon. ... 63.00 62.86 64.28 
Hydrogen... 8.69 8.62 8.57 | 8.93 
Nitrogen... . 13.41 13.41 13.41 13.33 12.50 
Compound* Cc Dass mp calculated M 
Heptanal : 0.01440 1.035 21,131 294 
Palmital 0.00788 0.377 20 420 


KCF 0.00794 0.388 20,6967 424} 


M/(C-L)D. C =concentration, D = log //Jo, = molecular weight, L = 
length of absorption cell (1 em.), © = molecular extinction coefficient. Amax. = 
355 My. 

* Dinitrophenylhydrazine derivative. 

+t Average of three readings above. 

t Calculated. 


After concentrating the hexane solution to 300 ml., 6 volumes of acetone 
were added, the inactive precipitate was removed, and the acetone-hexane 
solution was concentrated to about 50 ml. The active material was pre- 
cipitated from the acetone solution by adding 6 volumes to 0.1 N HCI. 
The precipitate was suspended in NaOH and reprecipitated by adding 
HCl. This precipitate was washed thoroughly with distilled water and 
dissolved in a minimal amount (about 40 ml.) of hot acetone. On cooling 
the acetone to — 20°, a dark brown inactive precipitate was formed. The 
solution containing the active material was removed by decantation and 
Was again concentrated to about 20 ml. and cooled. The inactive pre- 
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cipitate was again removed. The solution was concentrated to 15 ml, pk 
diluted with 3 volume of chloroform and methanol, concentrated, and th 
cooled, and the active precipitate was collected. This precipitate was ve 
suspended in NaOH, precipitated with HCl, and washed repeatedly with ot 
ONCN. (moles x 10°) qu 
4 iS 
— 80 i i 4 
D 
lo 7 
40- #50 
30 
= 
V 
+10 
20 40, 60 80 
MOLARITY X 10° 
Fic. 1. Effect of palmitic aldehyde concentration on luminescence. 0.1 ml. of 4 ' 
2 per cent aqueous extract of A. fischer? (prepared by extracting 2 gm. of acet onized ™ 
bacteria with 100 ml. of water and centrifuging as under ‘‘Materials and methods”) a 
was mixed with 1.5 ml. of 0.1 M phosphate buffer, pH 7.0, 1000 y of DPNHb, and 44 . | 
of FMN, and the light intensity was determined. Palmitic aldehyde was then added _ 
as indicated and light intensity measured immediately after each addition. The 
upper curve shows the palmitic aldehyde concentration plotted against light in- de: 
tensity (upper and left-hand scales), while the lower curve is a plot of the reciprocal de! 
of the light intensity (1/V) versus the reciprocal of the molarity (lower and right- he 
hand seales). 
fre 
water. This light cream-colored material, which produced a 5-fold in- de 
crease in luminescence at 0.6 y per ml., was used for the quantitative tests 2, 
and for the preparation of the derivatives. The total purification of the " 
original chloroform extract was about 300-fold and the yield was 1.5 gm. of the 
purified KCF per 7 kilos of starting material. -_ 
A number of preliminary qualitative determinations were made on the a 
most highly purified samples available. No sulfur was detectable. Phos- - 
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phorus was present in small quantities, but its concentration decreased as 
the purification of the material increased. Nitrogen also was present in 
very small amounts and decreased with increased purification. On the 
other hand, a strongly positive fuchsin aldehyde test was given by the crude 
as well as by the purified preparation, suggesting that the compound in 
question might be an aldehyde. 

In an attempt to use a chemical step in the purification, the 2 ,4-dinitro- 
phenylhydrazone was prepared (14). Originally, it had been intended to 


™N 


RELATIVE LUMINESCENCE 


TIME AFTER MIXING (sec) 

Fic. 2. Time-course of luminescence after adding KCF. 0.2 ml. of an ultracentri- 
fuged 13 per cent extract of A. fischeri, containing 500 7 of DPNH» and 2 y of FMN, 
was mixed rapidly by a modification of the method of Chance ef al. (16) with 0.2 
ml. of a solution containing 24 7 of KCF, and the luminescence was recorded on a 


Sanborn high frequency recorder. 


decompose the dinitrophenylhydrazone and thus to remove other non-al- 
dehyde impurities from the isolated material. However, the dinitropheny]- 
hydrazone was a crystalline material, and, after several recrystallizations 
from hot ethanol-water, gave a sharp melting point of 104-105°. The 
derivative was orange-yellow in color. On examining the literature for 
2,4-dinitrophenylhydrazones of aldehydes (14, 15) that melt in the region 
100—105°, it was found that the extrapolation of the melting point curve for 
the homologous series of aldehydes starting with C,; and proceeding to Cy¢ 
went through a minimum (100°) at Cy and that thereafter the melting 
points of the derivatives were approximately 105°. At this point, a sample 
of heptanal which was available was tested and found to give a lumines- 
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cence stimulation approximately one-thirtieth of the most highly purified 
KCF, on a weight basis. A number of other long chain aldehydes were 
prepared. The C;, Cs, Co, Cio, Cu, and Cys derivatives were obtained as 
indicated above. 

The molecular weight of the dinitrophenylhydrazone of KCF was de- 
termined by measuring the extinction per unit weight of the derivative and 
comparing this with the extinction of the dinitrophenylhydrazones of al- 
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hic. 3. Effeet of KCF on luminescence and respiration. 3.0 ml. of an ultracentri- 
fuged 13 per cent extract of A. fischeri in phosphate buffer (pH 7.0, 0.1 mM), containing 
2000 + of DPNH» and 4 4 of FMN, were inserted into a light-measuring apparatus. 
Luminescence was recorded and at the same time the oxygen tension was determined 
with a dropping mercury electrode. Oxygen is plotted against luminescence and 
respiration (from the change in current per time). To the same aliquot were added 
60 y of palmital and the luminescence and respiration were recorded. Oxygen ten- 
sion was varied by permitting the extract to consume the dissolved O2. O = respi- 
ration, no KCF; @ = respiration, with KCF; A = luminescence, no KCF; A = 
luminescence, with KCF. 


dehydes of known chain length. The molecular weight found by this 
means was 424. Elementary analysis data appear in Table I. The syn- 
thetic palmitic aldehyde derivative produced no depression of melting point 
when mixed with the corresponding derivative of the isolated aldehyde. 

Effect on Luminescence—TVhe effect of the addition of KCF or synthetic 
palmitic aldehyde on the luminescence of A. fischeri extract is illustrated 
quantitatively in Fig. 1. The Michaelis-Menten dissociation constant for 
palmitic aldehyde and KCF is about 3.6 K 10-® M. 

Time-Course of Luminescence on Addition of Palmitic Aldehyde—In order 
to determine something about the sequence of reaction of the various com- 
ponents required for extract luminescence, the time-course of luminescence 
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after addition of palmitic aldehyde has been studied by a modification of 
the techniques used earlier by Chance et al. (16). The time required for a 
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Fia. 4. Effect of concentration of different aldehydes on luminescence. To 0.1 
ml. portions of a 2 per cent aqueous extract of A. fischeri were added 1.5 ml. of 0.1M 
phosphate buffer (pH 7.0) + 1000 y of DPNH, + 47 of FMN, and the luminescence 
was measured immediately. The various aldehydes were added as indicated and the 
light intensity was determined after each addition. A = heptyl aldehyde, B = octyl 
aldehyde, C = pelargonaldehyde, D = decyl aldehyde, EF = undecyl aldehyde, F = 
palmitic aldehyde. 


TaBLe II 
Comparison of Apparent Dissociation Constants and Activation Energies in 
Presence of Various Aldehydes 


Aldehyde Van (arbitrary)* Km XK 10 AHt 
59,000 . 17,700 
133 ,000 4.1 17,150 
52,000 2.36 17,7 
81,000 3.56 29,300 


* Maximal luminescence attainable when a particular aldehyde is added. 


maximal response following the addition of aldehyde is of the order of 0.2 
second (see Fig. 2). 
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Effect on Respiration—Palmitic aldehyde increased the rate of respiration 
as well as the luminescence of the extracts at low oxygen tension (below 
7.6mm.). Fig. 3 depicts the effect of oxygen tension on both the lumines- 
cence and respiration in the presence and absence of palmitic aldehyde. 


10- 
74 
5- 


2 5- 


34 40° 
ABS.T 

Fic. 5. Effect of temperature on the luminescence rate when limiting concentra- 
tions of different long chain aldehydes are used. To 0.5 ml. portions of a 2 per cent 
aqueous extract of A. fischeri in 0.1 Mm phosphate buffer, pH 7.0, were added 1000 y of 
DPNH, + 4 7 of FMN + half saturating levels of the aldehyde in question. The 
mixture was brought to the desired temperature and the luminescence measured im- 
mediately. Total volume = 2.3 ml. A = undecyl aldehyde (AH{t = 17,700); B = 
pelargonaldehyde (AHt = 17,700); C = octyl aldehyde (AHt = 14,800); D = heptyl 
aldehyde (AH{t = 17,200); E = decyl aldehyde (AH{t = 17,200); F = palmitic alde- 
hyde (AHt = 29,300). 


The Michaelis-Menten dissociation constants as derived from the half 
saturation values are about 2.8 X 10-6 m in the absence of aldehyde and 
0.5 & 10-* Mo in its presence for luminescence, and 6.1 & 10-° and 2.0 X 
10-* m for oxygen consumption under similar conditions. 

At higher oxygen tensions the aldehyde does not affect the respiration 
rate, although it produces a pronounced increase in luminescence. Even 
at low oxygen tensions the aldehyde produces this effect on luminescence 
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Generality of Effect—Nine strains of luminous bacteria, in addition to 
A. fischeri, kindly furnished by Dr. C. B. van Niel, were tested for their 
response to KCF. All strains responded to the addition of palmitic al- 
dehyde by emitting a markedly increased luminescence. In one strain, the 
crude extracts possessed a marked KCF-destroying activity. 

Effect of Homologous Compounds—The effect on luminescence of a series 
of compounds homologous to the 16-carbon aldehyde has been determined 
and is indicated in Fig. 4. They have been plotted by the Lineweaver- 
Burk (17) method and the calculated concentration at half saturation is 
given in Table II. Likewise, the effect of these other aldehydes on the 
activation energy (apparent) for the luminescent reaction has been mea- 
sured and is indicated in Fig. 5. | 


DISCUSSION 


Qualitative tests have not demonstrated large amounts of long chain 
aldehyde in our acetone-dried bacterial powders, and, for this reason, it 
has not been shown conclusively that this type of compound is actually 
involved in the luminescence of the intact bacteria.2. The extremely low 
concentration of fatty aldehyde required for the activation of the bacterial 
systems and its long persistence suggest that the aldehyde is acting as a 
catalytic factor rather than as a stoichiometric reagent. The fact that 
microgram quantities of aldehyde will sustain luminescence for consider- 
able periods (up to 24 hours) indicates that it is very slowly consumed 
during luminescence, if at all. Since the aldehyde by itself is incapable of 
eliciting a luminescent response, and indeed is not a substrate for the DPN- 
coupled dehydrogenase present in the system, it seems unlikely that it is 
acting as a hydrogen donor. ‘The close similarity in the time-course of 
luminescence following addition of oxygen and aldehyde suggests that the 
aldehyde may be involved in oxygen activation in some manner (see also 
Michaelis-Menten dissociation constant for oxygen in presence and absence 
of aldehyde). 

From a comparative biochemical point of view, it is interesting that all 
of the factors required for bacterial extract luminescence thus far, except 
the enzymes, are obtainable from non-luminescent sources. Flavin mono- 
nucleotide and DPN are well known components of respiratory systems, 
while the long chain fatty aldehyde discovered by Feulgen and his col- 
laborators, apparently in this case, performs the same respiratory function. 
Whether a similar function is extant in the tissues from which they have 
been obtained is an unanswered question at the present time. The wide- 


* That a factor analogous to KCF is operative in intact bacteria is indicated by 
the fact that the effects of high hydrostatic pressures on the luminescence of intact 
bacteria and extracts are similar only when the latter are supplemented with KCF. 
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spread occurrence of these compounds and the acetals which give rise 
to them is suggestive of a general function, perhaps, in addition to their 
role in lipide metabolism. Among the possible mechanisms for action of 
these components in respiratory activity and luminescence are (a) through 
the intermediate ‘‘aldehyde-oxygen intermediates” which are reportedly 
formed by the addition of molecular oxygen to the free aldehydes and which 
have been observed to catalyze autoxidations (18-20) and (b) through 
peroxide-aldehyde addition products which have also been observed (in- 
directly) (21, 22) and which are effective oxidants. Whether such com- 
pounds might have a lower activation energy for some respiratory function 
than free unbound oxygen or peroxide cannot be answered conclusively at 
the present time. 

From the evidence presented here and the kinetic data to be published 
elsewhere, the accompanying scheme for the function of the various inter- 
mediates in luminescence is postulated. According to this mechanism, 


XH, + DPN DPNH, + X 
DPNH, + FMN — FMNH, + DPN 


KCF 
E + FMNH, + O» E-KCF 


FMNH.2(O2?)- KCF — FMN* + 2H2O + 
FMN* — FMN + hy 


the function of the various intermediates is as follows: The DPN functions 
as a source of respiratory hydrogen; the flavin mononucleotide may serve a 
double function, first, as a peroxide-generating system, and, second, as a 
peroxide-oxidizing system. ‘This type of luminescent reaction would be 
consistent with the obligatory intervention of oxygen in most luminescent 
reactions and the observed chemiluminescence of flavins (23), as well as 
with Drew’s elegant chemical studies of the luminescence of 3-aminophthal- 
hydrazide (24). 

Some suggestion of a factor, other than those listed, operating in bacterial 
luminescence lies in the capability of boiled bacterial powders to elicit a 
slightly increased luminescence, even in the presence of an excess of the 
enumerated factors. However, it is impossible at present to rule out a 
purely physical effect resulting from some unknown component in the 
boiled bacterial extract. 


SUMMARY 


It has been possible to obtain in pure form a compound from hog kidney 
cortex powder, called KCF, which will produce a 100- to 200-fold increase 
in the luminescence of bacterial extracts in the presence of excess DPNH., 
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FMN, and oxygen. This factor has been identified as palmitic aldehyde 
by elementary analysis, molecular weight, and mixed melting point of the 
dinitrophenylhydrazine derivative. 

Data have been presented concerning the time-course of luminescence 
following the addition of palmitic aldehyde, the saturation curve for pal- 
mitic aldehyde, and other homologous compounds, as well as some general 
information on the enzymology of this compound and its interactions with 
oxygen in this system. It is suggested that this compound is a cofactor in 
the oxygen activation system and is not serving as a substrate in the con- 
ventional sense. 


We wish to thank Dr. D. G. Doherty for a number of enzymes used in 
this work and Dr. C. B. van Niel for nine of the strains of the luminous 
bacteria used. We also wish to thank Dr. John R. Totter and Dr. M. I. 
Dolin for many helpful suggestions during the course of the work and in the 
preparation of the manuscript. 
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ON THE MECHANISM OF THE C-118-HYDROXYLATION OF 
STEROIDS* 


By MIKA HAYANO anp RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, 
Massachusetts) 


(Received for publication, April 14, 1954) 


A beef adrenal homogenate system capable of the introduction of a hy- 
droxy! group into the C-118 position of certain steroid molecules was de- 
scribed in a previous publication from this laboratory (1). The enzymatic 
requirements for this transformation included the presence of fumarate, 
magnesium ions, and oxygen atmosphere, and a pH of 7.4 in an incubation 
medium with a washed homogenate residue (5000 XX g) prepared from 
glands stored no longer than | to 2 days at —4° after collection. The loss 
of activity observed in tissues stored from 4 to 6 weeks in the cold (aged 
tissue) was regenerated by the addition to the reaction mixture of both 
diphosphopyridine nucleotide (DPN) and adenosinetriphosphate (ATP). 
0.005 mw ATP or adenosinediphosphate (ADP) was equally capable, in the 
presence of 0.005 Mm DPN, of regenerating the 118-hydroxylase activity in a 
homogenate residue equivalent to 2 gm. of adrenal tissue used to convert 
2 mg. (0.002 m) of the steroid substrate, desoxycorticosterone (DOC). 
Phosphocreatine was not as effective. Subsequent experimentation, as 
preliminarily reported (2, 3), on the need for the two cofactors brought to 
light the fact that these could be replaced by triphosphopyridine nucleo- 
tide (TPN) alone. TPN ata final concentration of 0.001 mM was found to be 
adequate for the complete transformation of the 2 mg. of steroid. DPN 
and ATP at this level were only about 80 per cent as efficient. 

A reexamination of other components previously found necessary for 
118-hydroxylation was then carried out with the aged tissue in the presence 
of TPN. That fumarate and oxygen were still required was soon disclosed. 
The need for magnesium ions, however, was no longer present. Thus, 
the obvious conclusion that DPN, in the presence of ATP and magnesium 
ions, Was being converted to TPN (4) essentially precluded the réle of the 
high energy phosphate ATP per se in the 118-hydroxylation reaction. The 
elimination of inorganic phosphate from the medium, as expected, did not 
alter the magnitude of DOC conversion to corticosterone. 

The efficiency of fumarate in the reaction at a concentration of 0.02 M, 
with DOC at 0.002 mM, was only equaled by malate which was about 90 


* Supported in part by research grant No. G-3247, Division of Research Grants 
and Fellowships, National Institutes of Health, United States Public Health Service. 
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per cent as effective as fumarate under identical incubation conditions (1), 
In aged tissue preparations malate was somewhat less active, 80 per cent 
compared to fumarate. Other structurally similar compounds, mesaco- 
nate, crotonate, glutaconate, cinnamate, and elaidate, were tested and 
found to be completely ineffective. 

Attempts at the further purification of the enzyme preparation were 
then made. The previous search for the 118-hydroxylating activity in 
acetone powder preparations had resulted in failure. With the knowledge 
of the réle of TPN in the synthesis, further incubations were made with 
this addition. 500 y of DOC incubated with an acetone powder extract 
supplemented with TPN, fumarate, and tris(hydroxymethy])aminometh- 
ane (Tris) buffer, pH 7.4, were completely converted to corticosterone in | 
hour at 38°. No transformation was observed in the absence of TPN 
or oxygen. 0.002 m DPN plus 0.002 m ATP and 0.008 m magnesium 
ions under these conditions yielded only 15 per cent product. Further 
studies with this tissue preparation are now in progress. 

A previous speculation on the mechanism of the introduction of a hy- 
droxyl group into the C-118 position of a steroid was patterned on an anal- 
ogous situation, the well known stepwise transformation of succinate > 
fumarate — malate and, more recently (5), of butyryl coenzyme A (CoA) 
— butenoyl CoA — 6-hydroxybutyryl CoA, involving the obligatory un- 
saturated derivatives. DOC, for instance, was visualized to proceed pri- 
marily to the A%?” or the A"@® compound, which would then be hydroxy- 
lated by the asymmetric addition of the elements of water to yield the 
product corticosterone. Examination of one possibility, the intermediacy 
of the 9(11)-unsaturated structure, was made with the use of A‘-*“-preg- 
nadiene-21-ol-3 ,20-dione-21-acetate and A‘:°")-pregnadiene-17a,21-diol-3 ,- 
20-dione-21-acetate. The rapid hydrolysis of the 2l-acetate group by 
adrenal homogenates (1) would eliminate the presence of this grouping as a 
limiting factor. Experiments conducted under a variety of conditions in 
no instance yielded a significant amount of the respective 11-hydroxylated 
product. A small turnover (5 to 10 per cent) to these products noted in 
some cases could be explained on the basis of the reduction of the unsatu- 
ration to yield the saturated precursor, which is readily hydroxylated. 
Concurrent incubations with DOC or 11-desoxycortisol' in these instances 
always yielded at least 95 per cent of the respective 11-hydroxylated prod- 
uct. Since the utilization of an unsaturated intermediate would, owing to 
kinetic considerations, have to proceed at a rate faster than, or at least 
equal to, the over-all reaction rate starting from the ring C saturated ana- 
logue, these results were taken to mean that the position of the A’? de- 
rivative as the true intermediate was highly improbable. 


! Cortisol has been suggested as a convenient name for A‘-pregnene-118, 17a,21- 
triol-3,20-dione (Shoppee (6)). 
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Other routes of hydroxylation, as, for instance, through the A™@”-un- 
saturated derivative or any such possibilities, involving the addition of 
water were then examined with the use of deuterium oxide in the incuba- 
tion medium. The stability of deuterium and tritium in certain positions 
in Cyg and C2; steroids after catalytic exchange has been studied in detail 
by Fukushima e¢ al. (7, 8). These isotopes, when present as hydroxy] 
groups or attached to C atoms a to ketone groupings or the a ,8-unsaturated 
ketone, were found to exchange with the protium of the medium with vary- 
ing degrees of rapidity when refluxed with dilute methanolic KOH. Those 
situated in other positions and not exchanged by base are stably bound. 
Thus, if, in the course of 118-hydroxylation, one of the D atoms from D,O 
entered the steroid other than at C-2, C-4, C-6, or C-21 and on the hydroxyl 
groups, it should remain fixed. In the eventual isotope analysis, the extent 
of D incorporation could be observed and further experimentation devised 
to determine the position of the isotope. The theoretical deuterium con- 
tent calculated on the basis of 1 D atom introduced to a total of 30 D and 
H atoms in the molecule would be 3.33 atoms per cent excess. 

A‘-Pregnene-17a ,21-diol-3 ,20-dione (11-desoxycortisol') was selected as 
the substrate for this experiment, since it was felt that the product, corti- 
sol, would lend itself to derivative formation more readily than would 
corticosterone. A‘*-Pregnene-118 ,17a,21-triol-3 ,20-dione (cortisol), m.p. 
207.5-210.5°, was thus isolated from the 11-desoxycortisol incubated, and 
cortisol, m.p. 207-210°, was obtained from a cortisol control, 7.e. cortisol 
incubated under identical conditions with those above. The latter control 
was included as a measure of the extent of D exchange other than that 
directly involved with the 118-hydroxylation. Since equilibration in al- 
kaline solution of the steroid labile D with the H of the medium was not 
advisable, owing to the ease of destruction of cortisol in base, this control 
was deemed necessary. Some equilibration of the labile D of these com- 
pounds was considered to take place in the course of processing the incu- 
bation mixture with water, aqueous acetone, and 70 per cent methanol. 
The isolated crystals were further equilibrated with acetone and ethanol. 

The results of the deuterium analysis are presented in Table I. 0.09 
atom per cent excess D, a figure comparable to that of the control within 
the range of error of the analytical method, was found to be incorporated 
into the molecule in the cortisol enzymatically synthesized from 11-desoxy- 
cortisol, and 0.069 atom per cent excess D when this substance was de- 
graded to A‘-androstene-118-ol-3 ,17-dione. The cortisol control contained 
0.063 atom per cent excess D. The A‘-androstene-116-ol-3 ,17-dione de- 
rivative prepared from this sample was lost in transit. Thus, only an 
insignificant 1.5 per cent of the theoretical quantity, 2 atom per cent excess 
D, calculated from the D.O content of the medium after dilution with 
tissue water, was found. 
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Some differences in the behavior of deuterated and non-deuterated com- 
pounds in enzyme reactions catalyzed in vitro have been reported in the 
past (9) and should be considered here. In general, reactions in which the 
substrates used contained the isotope were noted to proceed at a rate slower 
than that observed in the non-isotopic controls, a phenomenon interpreted 
as a function of enzyme-substrate interaction rather than the non-utiliza- 
tion of the deuterated structure by the enzyme. In view of this factor it 
would be expected that the yield of cortisol in this experiment would be 
somewhat lower than expected and indeed that there might be some small 
preferential introduction of H2O over DO or DOH, but the complete spee- 
ificity of 118-hydroxylase for H2O would be a rather unlikely consideration 
in the light of past biochemical studies with this isotope. Thus the finding 
of essentially no deuterium in the enzymatically synthesized steroid can be 


TABLE I 
Mass Spectrometer Analyses 


Total atom per cent 
Atom per cent i 
en excess D in 
excess D found* undiluted sample 


2. = isolated after 118-hydroxylase ac- 
tion on 1l-desoxycortisol................ 0.009 0.0904 
3. At-Androstene-118-ol-3,17-dione prepared 


* Accuracy +0.003 atom per cent excess D. 


taken to exclude any mechanism of 118-hydroxylation involving the direct 
addition of water. In view of the conclusively negative results obtained, 
it was considered unnecessary to duplicate this experiment. 

A second suggestion of the mechanism of the biological 118-hydroxyla- 
tion involving the introduction of the hydroxyl group as a free radical has 
been proposed by Levy et al. (10). 


DISCUSSION 


The study by Brownie and Grant (11) earlier this year on the ‘‘Factors 
influencing the enzymic 118-hydroxylation of 11-deoxycorticosterone”’ de- 
scribed observations made with mitochondria from ox adrenal cortex care- 
fully prepared to preserve their integral nature. With this tissue fraction 
these workers observed a concurrent requirement for oxidative phosphoryl- 
ation in which various members of the citric acid cycle could participate 
readily. The present study in this laboratory with enzyme preparations 
of a somewhat purer state has shown that, while oxygen is necessary, 11{- 
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hydroxylation does not appear to be dependent on a coupled phosphoryl- 
ation mechanism. These investigators were unable, in addition, to demon- 
strate the relative specificity for fumarate and the absolute requirement of 
magnesium ions noted in our preliminary study of the 118-hydroxylase 
optimal system. These findings are not unexpected in view of the inherent 
complexity of mitochondrial preparations in general. 

The isolation of some 20 per cent of 11-hydroxylated products after the 
incubation of ,21-diol-3 ,20-dione-21l-acetate by Mies- 
cher et al. (12), a figure comparable to the magnitude of 11-desoxycortisol 
acetate conversion to cortisol under the conditions of their incubation, 
has suggested to these workers the possible intermediacy of the unsaturated 
compound in the course of 118-hydroxylation. In this laboratory no more 
than 5 to 10 per cent of a more polar product resulted from the same pre- 
cursor under various incubation conditions in which the conversion of 11- 
desoxycortisol acetate to cortisol was 95 to 100 per cent. In view of the 
nature of the data obtained in the deuterium oxide experiments described 
in this manuscript, the question of the direct hydration of the C-9(11) 
double bond, or indeed of any double bond, appears doubtful. 


Methods 


Cofactors—Sodium ATP and DPN (cozymase 75) were purchased from 
the Sigma Chemical Company. TPN (70 per cent purity) was a generous 
gift from Dr. E. EK. Hays of the Armour Laboratories. 

Incubations with Aged Tissue—Methods of tissue collection, storage, and 
preparation have been described previously (1). Incubations were carried 
out in a Warburg bath with constant shaking for 1 hour at 38° in 25 ml. 
Erlenmeyer flasks containing 2 mg. of DOC dissolved in 0.1 ml. of propylene 
glycol. Homogenate residues washed twice with saline were taken up in a 
solution containing all or part of the following: sodium fumarate, magne- 
sium chloride, and sodium phosphate or Tris buffer, pH 7.4; a 2 ml. volume 
was used for each 2 gm. of original adrenal tissue. Neutralized solutions 
of ATP, DPN, TPN, and other cofactors were added just prior to incu- 
bation. The gas phase was air. Anaerobic incubations were carried out 
in Warburg flasks gassed with N» prior to introduction to the bath. Fu- 
marate was added from the side arm at this time. 

Steroids contained in the incubation mixture were separated by dialysis 
(1). The incubated material was transferred into viscose tubing (gage 
18/32) with the aid of 1.5 ml. of distilled water, and the dialyses were con- 
tinued for 2 days in the cold against 75 ml. of water with one 75 ml. change 
after the Ist day. The combined dialysates were extracted with chloro- 
form, which was then evaporated in vacuo, and the residue was divided 
into 3 parts and placed on 1.5 X 40 cm. paper strips in triplicate for chro- 
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matographic resolution in the toluene-propylene glycol system of Zaffaroni 
(13). The techniques for the location of steroids and their elution for quan- 
titative analyses have been described (1). Steroidal material recoverable 
by the dialysis method was in the range of that obtained previously with 
5 mg. of steroid and 5 gm. of tissue (1), being approximately 85 per cent 
when pure steroids were used and about 80 per cent from the incubation 
mixture. The results are presented as before on the basis of the total 
recovered material as measured by absorption at \ 240 mu on the Beckman 
DU spectrophotometer. When all of the recovered material appeared as 
corticosterone, the per cent transformation of DOC was indicated as 100. 

Incubations with Acetone Powder Preparations—Acetone powders were 
prepared as follows: 380 gm. of adrenals, stored in dry ice for 1 to 2 days 
after collection, were homogenized in saline and centrifuged at 5000 x g 
for 25 minutes to sediment the residue fraction. This fraction was then 
resuspended in cold distilled water and centrifuged at 5000 X g for 15 
minutes. The washed residue thus prepared was stirred for 1 hour at 
—5° in 1 liter of cold acetone (—5°), filtered with the aid of suction, and 
the tissue was resuspended for 15 minutes in 500 ml. of acetone and filtered 
again. The powder (20 gm.) thus obtained was dried in a vacuum desic- 
cator in the cold. 

For use, 1 gm. of the acetone powder was homogenized in the Potter- 
Elvehjem glass apparatus with 10 ml. of a solution containing sodium fu- 
marate 0.068 m and Tris buffer 0.02 mM, pH 7.4. The homogenate was 
stored for 60 minutes in the cold and then centrifuged at 5000 x g for 10 
minutes to yield 6 ml. of a supernatant fluid. For the incubation, 3 ml. 
of this solution were used per flask with 0.002 m TPN and 500 y of DOC 
(0.0005 m) dissolved in 0.02 ml. of propylene glycol. 

After incubation, 1 gm. of sodium chloride was added to the flask, and 
the steroids were extracted directly by a modification of the method of 
Meyer (14) with three 15 ml. portions of ethyl acetate at room temperature. 
The combined fractions were dried over anhydrous sodium sulfate, evapo- 
rated in vacuo to dryness, and the residue was divided into 3 parts for 
resolution by paper chromatography. 1 X 40 cm. strips in triplicate were 
employed and the analysis conducted as described above. Steroid re- 
coveries in both control experiments and incubated samples were in the 
range of 96 per cent. 

Experimentation with Deuterium Oxide—Deuterium oxide (>99.5 per 
cent) was purchased from the Stuart Oxygen Company, on allocation from 
the United States Atomic Energy Commission. 300 gm. of adrenals, stored 
for 1 day in dry ice after collection, were used to make the twice washed 
118-hydroxylase residue preparation as described previously (1) and were 
taken up in 270 ml. of an incubation medium containing 250 gm. of D.O, 
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fumarate 0.068 mM, pH 7.4, magnesium chloride 0.008 mM, and phosphate 
buffer 0.02 mM, pH 7.4, making a total volume of 400 ml. 66 ml. of this 
mixture were incubated with 45 mg. of cortisol (cortisol control) and 330 
ml. with 225 mg. of 11-desoxycortisol (experimental cortisol). The ster- 
oids were placed in 125 ml. Erlenmeyer flasks in acetone, which was evacu- 
ated just before the addition of the homogenate preparation. While this 
means of steroid introduction was not as efficient as was the addition of 
these compounds in propylene glycol, the presence of the latter liquid was 
considered to be of disadvantage for the later recovery and purification of 
the D.O. The incubation was continued for 2 hours at 38°. The gas 
phase was air. The D.O content of the final incubation medium was cal- 
culated to be approximately 60 per cent after dilution with the water of the 
tissue. To approach a homogeneous distribution of the deuterium, the 
tissue preparation was suspended and mixed thoroughly with the solution 
of fumarate, magnesium ions, and phosphate, pH 7.4, made up in deuter- 
ium oxide, before addition to the flasks containing the steroid substrate. 

After the incubation the material was transferred to lyophilizing flasks 
and the aqueous phase recovered by lyophilization. The dried powders 
(4 gm. from the cortisol control and 21.5 gm. from the experimental cortisol) 
thus obtained were resuspended in distilled water with a volume of 5 times 
the weight of the solids and allowed to stand for 6 hours in the cold. 

The tissue was precipitated with 10 volumes of acetone, filtered, resus- 
pended in a second quantity of acetone, and again filtered. The aqueous- 
acetone filtrate was distilled in vacuo to remove the acetone and then ad- 
justed to a 70:30 methanol-water mixture. This mixture was partitioned 
with ligroin to remove fats and again distilled in vacuo to remove the meth- 
anol. The aqueous sludge thus obtained was extracted with chloroform 
and the eventual residue (213 mg. from the cortisol control and 687 mg. 
from the experimental cortisol) from that fraction taken up in benzene and 
subjected to silica gel column chromatography (15). Elutions were carried 
out with benzene-ethyl acetate mixtures of gradually increasing polarities. 
Cortisol was eluted with a 1:1 mixture. Fractions of cortisol which ap- 
peared homogeneous on paper analysis, and which melted above 197°, were 
combined and recrystallized several times from acetone. Final crystals 
(75 mg. from the experimental cortisol and 19 mg. from cortisol control) 
melted between 207-210.5°. Infra-red analyses established identification 
of these crystals as cortisol. 

For mass spectrometer analyses of the deuterium content (16), the sam- 
ples were diluted 10 times with authentic cortisol (m.p. 210—212°), dis- 
solved in 95 per cent ethanol, and allowed to stand overnight at room tem- 
perature before taking to dryness. 

A‘-Androstene-118-ol-3 ,17-dione was prepared from the cortisol diluted 
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10 times (see above) by the excellent method of Brooks and Norymberski 
(17). A 50 mg. quantity was treated with 10 ml. of 50 per cent acetic acid 
and 5.6 gm. of sodium bismuthate as described. The mixture was then 
partially neutralized with 25 ml. of a saturated NasCO; solution and ex- 
tracted with benzene. ‘The steroids in this extract were then resolved by 
silica gel chromatography with benzene and ethyl acetate mixtures. A‘- 
Androstene-116-ol-3 ,17-dione was eluted with a 1:1 combination. Frac- 
tions melting over 195.5° were combined and crystallized in acetone to a 
final melting point of 200—203°. Infra-red analyses established the identity 
of these crystals as A‘-androstene-118-ol-3 , 17-dione. 


SUMMARY 


1. The steroid 118-hydroxylase activity in beef adrenals stored 4 to 6 
weeks in the cold and in extracts of acetone powders prepared from ho- 
mogenate residues (5000 & g) can be regenerated by the addition of fu- 
marate, TPN, and oxygen. 

2. Neither high energy phosphate nor inorganic phosphate ions are re- 
quired for the transformation. 

3. Investigation of the A®")-unsaturated analogues of DOC and l1I- 
desoxycortisol as possible intermediates in the conversion of DOC to cor- 
ticosterone and 11-desoxycortisol to cortisol indicated that the utilization 
of these structures was essentially negative. 

4. An experiment with D2O showed that no D entered a stable position 
on the molecule in the course of 118-hydroxylation. These facts would 
exclude the possibility of any biosynthetic mechanism involving the direct 
addition of water. 
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The tri- or tetrasodium salt of ethylenediaminetetraacetic acid (EDTA 
or Na EDTA) is a strong chelating agent for heavy metals and the alkaline 
earth metals, calctum and magnesium. By this action the activity of en- 
zymes Which are known to be influenced by calcium or magnesium is altered 
by the addition of EDTA; e.g., muscle adenylate kinase, which is accel- 
erated by magnesium, is completely inactivated by 0.001 m EDTA (1).! 
Slater and Cleland stabilized a-ketoglutaric oxidase of heart muscle sarco- 
somes by additions of EDTA, an action which they attribute to the removal 
of deleterious calcium which enters sarcosome suspensions (2). Altman 
and Crook found that horse heart succinoxidase is greatly activated by 
EDTA, an activation which can also be produced by phosphate and chro- 
mate or by purifying the substrate and enzyme (3). Gross, working at low 
ionic strength, found that the adenosinetriphosphatase (ATPase) activity 
of mouse heart homogenate was strongly inhibited by EDTA at 0.004 to 
0.01 mM, but at 0.001 to 0.003 m the activity was 150 per cent that of un- 
treated homogenates (4). Using myosin B as ATPase, we found that the 
rate of dephosphorylation was decreased by EDTA at 0.05 m KCI (5). On 
the other hand, Friess observed that EDTA accelerates the ATPase ac- 
tivity of myosin B 400 per cent at 0.6 m KCl and pH 7 (6). It has now 
been confirmed by Friess and us that these opposite effects of EDTA were 
dependent upon the concentration of KCI. 

Since this corroboration, we have explored the effect of triNa EDTA 
upon the ATPase activity of myosin A and myosin B over a wide range of 
concentrations of KCl and have done the other experiments indicated by 
the section titles in response to queries which arise from consideration of the 
marked acceleration of myosin ATPase by EDTA. 


EXPERIMENTAL 


Myosin B (natural actomyosin) was prepared from rabbit muscle by 
extraction for 24 hours in Weber’s solution and purified by three successive 


‘In unpublished experiments we also found that EDTA completely inhibits mus- 
cle adenylate kinase. In addition, we found that the activity can be completely 
restored by passing the enzyme-EDTA mixture over Dowex 1. 
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precipitations and dissolutions in 0.05 and 0.6 m KCl, respectively. My- 
osin A (crystalline myosin) was prepared according to Kessler and Spicer (7) 
and actin according to Feuer et al. (8). The adenosinetriphosphate (ATP) 
was a commercial product (Sigma). The KCl used was an analyzed salt 
of reagent grade and, except for one instance, was not further purified. 

The chelating agents? were supplied by the Bersworth Chemical Com- 
pany. The ethylenediaminetetraacetic acid was supplied as disodium 
Versenate which was suspended in water and dissolved by adding NaOH. 
At pH 9 EDTA is dissolved and is chiefly the trisodium salt. 

Dephosphorylation of ATP was done in reaction mixtures composed of 
the following proportions: 2.5 ml. of 0.02 Mm Na Veronal-acetate (pH 8) 
containing KCl of such concentrations as to yield the desired final concen- 
tration, 1.5 wmoles of Na ATP added in 0.1 ml. of solution, 0.3 ml. of triso- 


TaBLe I 
Effects of EDTA and KCl on Myosin A As ATPase at pH 8 


y P split per mg. myosin A per min. 
KCl 0.07 KCI KCl | 0.17 KCl 0.24 KCI 0.62 KCI 


M | | | 


10-4 | 0.02 | O07 | 2.2 4.2 9.3 8.0 
10-3 | oF | 4.0 | 11.0 18.0 
| | m4 OF 12.2 


10-2 0.05 


dium EDTA or other chelating agent of such concentration as to yield con- 
centrations ranging from 10-° to 2 K 10°? mM, and 0.1 ml. of myosin con- 
taining 1 to 5 mg. per ml. In control reaction mixtures, water was sub- 
stituted for the solutions of chelating agent. 

To measure quantitative aspects of the acceleration caused by EDTA 
(e.g. Figs. 1 and 2), the reaction mixtures were made in volumes and 
amounts 3 times those given above. From such a volume of reaction mix- 
ture a blank and samples after both 5 and 10 minutes of incubation were 
withdrawn for analysis. The latter procedure permitted examination of 
the data for maintenance of constant rates of reaction and, from the values 
obatined, rates of dephosphorylation in the linear phase were selected for 
presentation. 

For some purposes (e.g. Table I) only the qualitative effect of EDTA was 
ascertained by measuring the orthophosphate liberated in 10 minutes in a 


2? Uramildiacetic acid was kindly supplied by Dr. Martin Rubin. 
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single volume containing the quantities listed above. From the values 
obtained, appropriate blanks were subtracted. 

In all experiments the reactions were stopped by the addition of tri- 
chloroacetic acid, the mixtures centrifuged to remove the denatured pro- 
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MOLARITY OF EDTA 


Fig. 1. The effect of EDTA on the rate of splitting of ATP by myosin B at pH 8 
and the concentrations of KCl as indicated on the curves. For the composition of 
the reaction mixtures and the experimental procedure see the text. (The values 
plotted on the ordinate should not be used to arrive at the effects of varying con- 
centrations of KCl on dephosphorylation of ATP by myosin B because the amount 
of myosin B in the reaction mixtures had to be varied.) 


#g P SPLIT PER MG. MYOSIN B PER MINUTE 


tein, and 2 ml. of the supernatant solution analyzed for orthophosphate by 
the Fiske-Subbarow method. 


Results 


Effect of TriNa EDTA on Myosin B As ATPase and Its Association with 
KCl—The rate of dephosphorylation of ATP by myosin B at pH 8.0 in 
the presence of varying concentrations of EDTA and at several concentra- 
tions of KCI is shown in Fig. 1. 
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It will be noted that both the accelerating and inhibiting effects of EDTA 
are intimately associated with the concentration of KCl. At all concen- 
trations of KCI, 10-° m EDTA had little or no effect on myosin B, except 
at 0.02 m KCl, at which 10-° m EDTA caused a rate of splitting above that 
obtained when no EDTA was included in the reaction mixture. This 
enhancement is small, but results of experiments not presented show that 
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Fic. 2. Parallel experiments to demonstrate the effect of 0.001 m EDTA on three 
types of myosin at varying concentrations of KC] and pH 8. ©, myosin B, 0.1 mg. 
per 3 ml. of reaction mixture; O, myosin A, and A, synthetic actomyosin, P split 
per mg. of myosin A; A, synthetic actomyosin, P split per mg. of protein; @, syn- 
thetic actomyosin without EDTA. The concentration of myosin A was 0.1 mg. per 
3 ml. of reaction mixture. 


it is probably part of the association of the EDTA effect with the concen- 
tration of KCI. 

Myosin A with and without Actin——-Experiments similar to those done on 
the ATPase activity of myosin B were also carried out at pH 8.0 on myosin 
A. The accelerating effect of EDTA on the ATPase of myosin A (Table I) 
was of the same general nature as that on the ATPase of myosin B,’ except 

*At a recent meeting Dr. John Gergely reported that EDTA accelerates the 


ATPase activity of both trypsin- and chymotrypsin-digested myosin A. The in- 
creases are of about the same magnitude as those occurring with myosin A. 
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that acceleration occurred at lower concentrations of KCl with myosin A 
than with myosin B, and at 0.6 Mm KCl acceleration was greater with myosin 
A. 

The addition of actin to myosin A decreases the accelerative effect of 
EDTA upon myosin A ATPase (Fig. 2). When the amount of ATP de- 
phosphorylated is calculated per mg. of total protein (myosin plus actin), 
the ATPase activity is reduced to about the activity of myosin B.4 

Influence of pH on EDTA Effect—The effect of pH on the EDTA-KCl 
action was studied with synthetic actomyosin as ATPase. The results 
(Fig. 3) show that the maximal EDTA-KCI effect occurs at pH 8 when the 
concentration of KCI is 0.6 m and that 10-* m EDTA is not accelerative at 
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PH 
Fic. 3. pH dependence of the EDTA effect on the ATPase activity of synthetic 
actomyosin. O, 0.14 m KCI; 0, 0.32 mM KCI; X, 0.62 m KCl; @, pH dependence 
in the absence of EDTA at 0.14 m KCI. 


low concentrations of KCL when the pH value is other than 8.0. The 
inhibition by EDTA at low concentrations of KCl and pH 8 (Fig. 1) is not 
overcome by changing the pH of the reaction mixture. 

The effect of pH on the increase of ATPase of myosin B was also studied 
with other chelating agents. Of those studied (see below), the four which 
have an action comparable to EDTA are more effective at pH 9 than either 
pH 6, 7, or 8. 

Effect of Mg EDTA, Ca EDTA, and K EDTA on Myosin B As ATPase— 
The effects of magnesium disodium EDTA (Mg EDTA) and calcium di- 
sodium EDTA (Ca EDTA) were tested at concentrations of KCl which 
resulted in inhibition and acceleration in the presence of Na EDTA. In 


‘The reduction of dephosphorylation caused by adding actin to myosin A also 
occurs at high KCI concentration (0.3 m) when no EDTA is present, but at low KCl 
we found, as did Hasselbach (9), that actin enhances the ATPase activity of myosin 
A many fold. 
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several experiments it was found that neither Mg EDTA nor Ca EDTA 
(Table IT) accelerates myosin B ATPase activity at 0.6 m KCI as does Na 
EDTA. Only Mg EDTA inhibits activity at low concentrations of KC]. 
Ca EDTA at low concentrations of KCl has no effect on activity. This 
failure of Ca EDTA to inhibit ATPase indicates that the inhibition caused 
by Mg EDTA and Na EDTA is due to the inactivation of calcium in the 
reaction mixtures. 

The accelerating effects of 10 and 10° mw K EDTA upon myosin B 
ATPase are identical to those of Na EDTA. Both require high concen- 
tration (0.3 to 0.6 m) of KCI to produce enhancement of the activity. This 
result is significant in that the substitution of K EDTA for Na EDTA 


II 
Effects of Ca EDTA and Mg EDTA on Myosin B As ATPase at pH 8 and 0.02 and 
06m KCl 
| 7 P split per mg. myosin B per min. 
EDTA EDTA  10%s EDTA EDTA  10°?%m EDTA 
Ca EDTA 
0.02 3.7 4.1 3.8 4.5 3.2 
0.6 1.4 on 0.8 0.6 1.3 
Mg EDTA 
0.02 3.4 4.3 0.9 0.5 0.5 
1.3 0.5 | 0.1 0.1 0.2 


0.6 


does not eliminate the necessity of KCI in order to enhance the activity of 
ATPase. 

Effect of EDTA in Presence of Other Salts-—-When NaC! is substituted 
for KCI in experiments like those reported in Figs. 1 and 2 and Table I, 
EDTA does not enhance myosin B and myosin A ATPase. The results 
shown (Table III) are for a concentration of EDTA (0.001 mM) which ae- 
celerated dephosphorylation of ATP with KC] and for four concentrations 
of each of NaCl and KCl. Concentrations of EDTA ranging from 10-° 
to 10-? m were also tested at each of those of NaCl shown in Table III. 
None of them accelerated ATPase and all inhibited in a manner similar to 
that caused by EDTA at low concentrations of KCI. 

The effect of EDTA on myosin B ATPase in the presence of 0.6 m KNOs, 
KHCOs, and KeSO, was tested. All were as effective as KCI in causing 
acceleration, except KoSO, which caused inhibition. Sodium bicarbon- 
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ate Was no more effective than NaCl. Lithium chloride enhanced ac- 
tivity slightly. 

Chelating Compounds Other Than EDTA—The accelerating effect of 
several chelating compounds upon myosin B ATPase was ascertained 
qualitatively in solutions to which the addition of EDTA caused accelera- 
tion. They were tested at each of four pH values. Uramildiacetic acid, 
N-hydroxyethylethylenediaminetriacetic acid, 1 ,2-propylenediaminetetra- 
acetic acid, and nitrilotriacetic acid caused accelerations comparable to 
those caused by EDTA, but at pH 9 rather than at pH 8. N-hydroxy- 


Comparison of Effect of NaCl and KCl on Myosins A and B As ATPase in Presence of 
EDTA 
The values are in micrograms of P split per mg. of myosin per 10 minutes. pl 
8.0. 


Molarity of salt 


0.15 0.3 0.6 1.0 


Myosin B 


KC] L.4 40 135 148 


NaCl. 0.0 0.19 000.0 0.16 
Myosin A 
40 131 180 


ethyliminodiacetic acid, L-histidine hydrochloride, and ethylenediamine 
caused little or no acceleration at any of the pH values. L-Histidine hy- 
drochloride and ethylenediamine are equal to or greater than EDTA as 
chelating agents of copper, a heavy metal which strongly inhibits ATPase. 
Of the four chelating agents which cause acceleration, each binds alkaline 
earth metals effectively, as does EDTA. Histidine and ethylenediamine 
do not chelate alkaline earth metals. 

ITPase, UTPase, and Potato Apyrase--EDTA does not cause accelera- 
tion of the dephosphorylation of inosinetriphosphate (ITP) and of uridine 
triphosphate (UTP). The reaction mixtures in which ITP was included 
were 0.02 and 0.6 m KCl and at pH 8. Of these concentrations of KCI, 
dephosphorylation of ITP occurred only at 0.6 m KCI and that was still 
further inhibited by 10 to 10-* m EDTA. UTP was also studied at pH 


* UTP was kindly supplied by Dr. H. M. Kalekar. 
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8 at concentrations of KC] ranging from 0.02 to 0.6 mM and, at each, 107° y 
EDTA caused inhibition. 

Potato apyrase is a potent ATPase, but EDTA caused only inhibition of 
its splitting ability. These tests were done at pH 8 and 0.06 and 0.6 m 
KCI in the presence of 10-° to 10° m EDTA. Concentrations of EDTA 
ranging from 10~* to 10-4 m caused practically complete inhibition. 


DISCUSSION 


The inhibiting and accelerating actions of EDTA on myosin ATPase at 
low and high concentrations of KCI, respectively, are quite probably due 
to entirely different phenomena. The inhibiting action may be due to the 
removal of a divalent cation, such as calcium, which is considered necessary 
for the action of myosin as ATPase. If this is true, then it is to be expected 
that a low concentration of Na EDTA would remove what calcium is car- 
ried into the reaction mixtures as a contaminant. That this is done is 
indicated by the inhibiting effect of 10-° m EDTA at nearly all the con- 
centrations of KCl tested on myosin A ATPase (Table I). The results 
of experiments with myosin B (Fig. 1) also support this explanation, 
except for those with 0.02 m KCI at which concentration 10-° m EDTA 
caused acceleration. (This acceleration was discussed above in the section 
dealing with Fig. 1.) The failure of Ca EDTA and the ability of Mg 
EDTA to inhibit dephosphorylation at a low concentration of KCl also 
support this explanation of the inhibition of myosin ATPase by EDTA 
because calcium will replace magnesium in Mg EDTA and, therefore, 
would be withdrawn from action as it is by Na EDTA, but Ca EDTA 
would have no such effect. | 

Concentrations of EDTA higher than 10~° m in the presence of sufficient 
KCl also remove calcium, but in addition have some as yet unexplained 
accelerative action on myosin ATPase of great magnitude. The experi- 
mental results presented above serve to characterize this reaction and pre- 
sent data to be considered in discussion of possible explanations of this 
phenomenon. The approaches to an explanation have been reduced to two 
for the purposes of the present discussion. One is that the effective che- 
lating agent removes inhibiting heavy metal carried into the reaction mix- 
tures by one of the reagents. The other is that the chelating compounds, 
together with potassium, aid in substrate-enzyme complex formation or in 
the breakdown of this complex into orthophosphate, adenosinediphosphate, 
and free enzyme. 

Until Friess’ description (6) of the action of EDTA and myosin with 
0.6 Mm KCI, the effects of chelating compounds were generally attributed to 
the removal of some deleterious cation, usually that of a heavy metal. 
Gross’ findings (4) with heart homogenate possibly exemplify an instance 
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of this nature. It is likewise possible that the moderate accelerative action 
of ethylenediamine and histidine is attributable to the removal of some 
inhibiting ion. There are several objections, however, which make this 
explanation unacceptable at this time for the great accelerative effects 
produced by some chelating agents at increased concentrations of KCl. 
Among these objections are (1) the requirement of adequate KCl and the 
close association of the acceleration with the concentration of KCl; (2) 
the failure of 10-° m EDTA to cause acceleration at 0.25 and 0.32 Mm KCl 
of the same magnitude as at 10~* m; (3) the fact that KCl and NaCl at 0.6 
m have diametrically opposite effects, yet both contain about the same 
impurities both quantitatively and qualitatively, and both have the same 
dissolving property for myosin; (4) the failure of Mg EDTA and Ca EDTA 
to cause acceleration because heavy metal ions can replace Ca or Mg in a 
molecule such as EDTA; and (5) the fact that histidine and ethylenediamine 
are strong binders of heavy metal but still do not cause acceleration of 
myosin ATPase. 

In addition to the above considerations of the hypothesis of removal of 
heavy metal, the possibility exists that a heavy metal is bound to myosin 
which is removed or inactivated by certain chelating agents only when 
ATP is present. We tested this possibility by letting myosin dephosphory- 
late ATP in the presence of EDTA and 0.6m KCl. After 10 minutes 
of reaction, the protein was precipitated by diluting the reaction mixture. 
The concentration of EDTA in the suspension of precipitated myosin was 
reduced by washing it two times. Then the myosin was used again as an 
enzyme in a reaction mixture containing the same amount of ATP and 0.6 
m KCI, but the KCI used in the second reaction had been crystallized once 
from a solution containing 10-? m EDTA and twice from water. Before 
this treatment, 1 mg. of this myosin split 20 y of orthophosphate without 
EDTA and 60 y with 10°? m EDTA at 0.6 m KCl and pH 7 to 7.5. After 
the treatment, | mg. split 21 and 18 y without EDTA and 60 y with EDTA 
in each of two experiments, respectively. 

In addition to the experimental results cited above there are also those 
of Friess (6) which militate against the removal of inhibiting heavy metal 
as the cause of the acceleration by EDTA and other chelating compounds. 
Her experiments indicate, as do ours, that the removal of an inhibiting 
cation is not the cause of the unexpected accelerative ability of EDTA. 

Further experiments by us have revealed still more about copper as an 
inhibiting ion. Analyses of two preparations of myosin B precipitated 
three times indicated that 1 gm. of myosin contains 4 to 6 y of copper (of the 
other possible heavy metals, iron and lead were excluded by our method). 
Then copper as CuSO, was added to the reaction mixtures. Not until 
1.6 y of copper per mg. of myosin were added was inhibition detectable 
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(80 per cent of control) and this amount of inhibition did not increase when 
the CuSO, and myosin were allowed to incubate for as long as | hour. 

The inclusion of 33 y of copper per mg. of myosin in the reaction mix- 
ture completely inhibited dephosphorylation. The addition of either Na 
EDTA, Ca EDTA, or ethylenediamine to such copper-containing reaction 
mixtures before the myosin was added prevented the inhibition, but addi- 
tion of any one of these three chelating agents after the myosin had no ef- 
fect upon the inhibition. 

It. is still possible that a metallic ion supplied by myosin is involved in 
this acceleration, but that it is involved in a complex with myosin and 
chelating agent with or without ATP. This hypothesis is related to the 
second approach mentioned above. There is little evidence for this type 
of explanation with myosin as the protein and enzyme; however, Klotz and 
Loh Ming (10) have shown that heavy metals act as mediators in com- 
plexes of an aniline dye and proteins such as pepsin and serum albumin. 
Electrophoresis® of myosin A in 0.3 Mm KCI with and without EDTA showed 
no differences which would indicate formation of a complex.  UlItrafiltra- 
tion of mixtures of myosin B and 10°? Mm EDTA in 0.6 Mm KCI and at pH 
8.0 indicated no binding of EDTA when ATP was included in the mixture 
and when it was excluded. 


SUMMARY 


1. Kthylenediaminetetraacetic acid (KDTA) depresses the ATPase 
activity of myosin B at concentrations of KCI below 0.17 mM,’ but, above 
0.17 mM, EDTA accelerates the ATPase activity (first shown by Friess at 0.6 
M KCl) with its optimal concentration being closely associated with the 
concentration of KCI] (Fig. 1). 

2. The greater enhancement of ATPase of myosin A by EDTA than that 
of myosin B is produced by lower concentrations of KCl] and at 0.6 Mm KCI 
is reduced to that of myosin B by the addition of actin (Fig. 2). 

3. The increase of the ATPase activity of myosin in the presence of 
EDTA at pH 8 and 0.6 or 1.0 Mm KCL is 15- to 30-fold that occurring in the 
absence of EDTA. 


6 Performed by I. R. Mitchell. 

7 The depression caused by EDTA at low KCI concentration is made more dras- 
tic because of the sodium added to the reaction mixtures with the buffer and the 
ATP. In experiments, done subsequent to submission of this report, in which so- 
dium was excluded from the reaction mixtures, K EDTA caused depression of the 
enzyme, but not almost total obliteration of activity as is shown in Fig. 1 at 0.02 
and 0.17 mM KCl. These experiments indicate that the combination of low concen- 
trations of sodium and of EDTA causes greater inhibition than either alone. Re- 
moval of calcium remains a likely explanation of the depression by EDTA, but, if it 
is the cause, there is still activity in the absence of calcium. 
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4. EDTA caused inhibition only of the ATPase activity of potato apy- 
rase and of the ['TPase and UTPase activities of myosin B. 

5. EDTA caused enhancement of myosin B ATPase in the presence of 
KHCOs; and KNQO, equal to or better than that with KC], but there was no 
enhancement in the presence of NaCl, NaHCOs, and K.S0O,. 

§. Neither calcium nor magnesium disodium EDTA causes enhance- 
ment of myosin B ATPase and only Mg EDTA causes inhibition (Table 
II). 

7. The optimal pH value for the activity of actomyosin as ATPase with 
0.001 Mm EDTA and 0.6 Mm KCI is 8 (Fig. 3). 

8. Of the other chelating agents tested acceleration of the ATPase activ- 
ity of myosin B is restricted to those which bind alkaline earth metals ef- 
fectively. 

9. Possible explanations of these effects of EDTA are discussed. 
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MECHANISM OF FORMATION OF ERYTHRULOSE-1- 
PHOSPHATE BY PHOSPHOKETOTETROSE 
ALDOLASE OF RAT LIVER 


By FRIXOS C. CHARALAMPOUS* 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, May 10, 1954) 


Previous work has established the formation of erythrulose phosphate 
when a soluble enzyme system, referred to here as phosphoketotetrose 
aldolase, from rat liver is incubated with formaldehyde and fructose-1 ,6- 
diphosphate (1). It was also demonstrated that fructose diphosphate 
cannot be replaced by fructose or glucose monophosphate and that the 
formation of erythrulose phosphate is not affected by the presence of 
iodoacetate in concentrations capable of producing a 90 per cent inhibition 
of glyceraldehyde phosphate dehydrogenase. Neither the mechanism of 
the above reaction nor the position of the phosphate group in the eryth- 
rulose ester was known at that time. 

This paper presents the results of experiments designed to study the 
mechanism of formation of erythrulose phosphate and to establish more 
rigorously the position of the phosphate. 


Methods 


Materials—Radioactive formaldehyde’ having a specific activity of 1.4 
me. per mmole was diluted before use with non-radioactive formaldehyde 
to give a specific activity of 25,200 ¢c.p.m. per umole. Non-radioactive 
formaldehyde and fructose diphosphate were prepared and purified as 
described previously (1). pi-Glyceraldehyde-3-phosphate was a product 
of the Concord Laboratories, Cambridge, Massachusetts. Dihydroxy- 
acetone phosphate was synthesized and purified according to the method 
of Kiessling (2). C'™-Erythrulose phosphate was prepared and isolated as 
the barium salt according to the method described earlier (1). Its specific 
activity was 25,000 ¢.p.m. per umole. The method used to determine its 
specific activity is described under ‘Periodic acid oxidation of isolated 
C™-erythrulose phosphate.’’ All other compounds used were of reagent 
grade. 


* A preliminary report of this work was presented at the Fort y-fifth Annual Meet- 
ing of the American Society of Biological Chemists, Atlantic City, New Jersey, April, 
1954. 

' Purchased from the Isotopes Specialties Company, Glendale, California. 
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Crystalline Meyerhof-Lohmann aldolase was prepared from rabbit mus- 
cle according to Taylor et al. (3) and was recrystallized until no triose- 
phosphate isomerase could be detected. It required six to eight recrys- 
tallizations. Crystalline glyceraldehyde phosphate dehydrogenase was 
prepared according to the method of Cori ef al. (4) and was _ recrystal- 
lized four times. ‘Triosephosphate isomerase was purified by the method 
of Meyerhof and Beck (5). Purified intestinal phosphatase was a gener- 
ous gift of Dr. Harry Green of the Wills Eye Hospital, Philadelphia. 

Analytical Methods--The methods used to determine formaldehyde, in- 
organic phosphate, and radioactivity of various compounds, as well as 
radioactive areas from paper chromatograms, were described earlier (1), 
Formic acid was determined by the method of Grant (6). Phosphoglycolie 
acid was estimated colorimetrically (7) as free glycolic acid after splitting 
the phosphate by acid hydrolysis or the action of intestinal phosphatase. 
Dihydroxyacetone phosphate was determined spectrophotometrically at 
340 my by coupling the glyceraldehyde phosphate dehydrogenase with 
triosephosphate isomerase. The assay system was that of Cori ef al. (4): 
after all the additions were made, reduction of diphosphopyridine nucleo- 
tide (DPN) was initiated by adding the triosephosphate isomerase. In 
this way one can differentiate between glyceraldehyde phosphate and 
dihydroxyacetone phosphate. Usually the amount of glyceraldehyde 
phosphate present (as indicated by the reduction of DPN prior to addition 
of triosephosphate isomerase) did not exceed 2 to 3 per cent of the dihy- 
droxyacetone phosphate. The concentration of protein was determined 
by the method of Warburg and Christian (8). 

Enzyme Assays-—During the purification of the phosphoketotetrose aldo- 
lase, triosephosphate isomerase was determined by coupling the system 
with crystalline Meyerhof-Lohmann aldolase and measuring colorimetri- 
cally (9) the amount of fructose diphosphate formed. This method seems 
to offer definite advantages over methods previously published in that (1) 
it is very sensitive, owing to the specificity and high extinction coefficient 
of the colored compound measured at 520 mu; (2) it is quantitatively 
more reproducible and accurate than Meyerhof’s method (10), which de- 
pends on preferential oxidation of glyceraldehyde phosphate by iodine 
and measurement of the alkali-labile phosphate before and after iodine 
treatment. By this method duplicate determinations vary as much as 20 
per cent; the smallest amount of triose phosphates that can be determined 
is 0.5 pmole, and the presence of salts or reducing compounds renders the 
test difficult. Furthermore, the assay is time-consuming, and one cannot 
handle with ease more than three to four samples at a time. In the pres- 
ent method these difficulties have been overcome, and one can easily 
measure as little as 0.05 umole of p-glyceraldehyde-3-phosphate with an 
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accuracy of 3 to 4 per cent, on a large number of samples. The spectro- 
photometric methods of Warburg and Christian (11) and Oesper and 
Meyerhof (12) are sensitive, but cannot be applied successfully to crude 
systems which contain enzymes that destroy or reoxidize reduced diphos- 
phopyridine nucleotide (DPNH). By the present method the molar ex- 
tinction coefficient at 520 my for fructose or its phosphate esters was found 
to be 8.75 & 10% liters mole! em.-' compared to 0.056 10° for trioses 
or their phosphate esters. The low values obtained by others with fruc- 
tose diphosphate (13) may be due to the presence of impurities in the 
fructose diphosphate. The incubation medium for assaying triosephos- 
phate isomerase contained 25 wmoles of potassium borate, pH 7.4, 3.3 
umoles of pi-glyceraldehyde-3-phosphate, 0.6 wmoles of potassium iodo- 
acetate, excess crystalline Meyerhof-Lohmann aldolase, and purified (5) 
rabbit muscle isomerase. The incubation was run at 37° for 7 minutes in 
an atmosphere of N» and 1.0 ml. final volume. The reaction was stopped 
with trichloroacetic acid, and an aliquot of the protein-free filtrate was 
used in the colorimetric assay for fructose diphosphate. The reaction rate 
was proportional to the enzyme concentration up to 38 y of protein per ml. 
of incubation medium. 

The Meyerhof-Lohmann aldolase was determined as described previ- 
ously (1). The assay system for phosphoketotetrose aldolase depends on 
the determination of the formaldehyde utilized according to the following 
equation. 


Formaldehyde + dihydroxyacetone phosphate — erythrulose-1-phosphate 


The test system contained 4.0 umoles each of formaldehyde and dihy- 
droxyacetone phosphate, 75 umoles of MgClo, and enough enzyme solution 
from rat liver so that less than 50 per cent of the added substrates was 
used over a period of 10 minutes at 37°. Under these conditions the reac- 
tion rate is proportional to the enzyme concentration. The pH of all 
solutions was adjusted to 7.4 with dilute ammonia, and the final volume was 
1.0 ml. When fructose diphosphate was employed as the source of triose 
phosphate, 9.0 umoles were used, together with excess crystalline muscle 
aldolase. 


Purification of Phosphoketotetrose Aldolase from Rat Liver 


In order to study the nature of the triose phosphate involved in the 
formation of erythrulose phosphate, as well as other properties of the 
enzyme system, it was necessary to purify the crude system and remove 
the triosephosphate isomerase. The following is a description of the puri- 
fication procedure. 

Initial Supernatant Fluid—-A 25 per cent homogenate in isotonic KC] 
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was prepared from freshly obtained livers of adult rats. The homogenate 
was centrifuged first in the Servall centrifuge at 10,000 r.p.m. for 10 min- 
utes, and the cloudy supernatant fluid was centrifuged at 30,000 r.p.m. 
for 60 minutes (Spinco ultracentrifuge, model L, rotor No. 30). A clear 
pink fluid was obtained which was freed from floating lipides by passing 
through cheese-cloth. 

First Ammonium Sulfate Fractionation—¥ or every 100 ml. of supernatant 
fluid 20.9 gm. of solid ammonium sulfate were added slowly with rapid 
stirring at 0°. The pH was kept at 7.4 by the dropwise addition of 10 Nn 
NH,OH. After standing 15 minutes at 0° the precipitate was removed 
by centrifugation in the International refrigerated centrifuge and dis- 
carded. To the clear supernatant fluid more solid ammonium sulfate was 
added to give 65 per cent saturation (345 gm. of ammonium sulfate per 
liter final volume). After storing at 0° for 15 minutes, the precipitate was 
collected by centrifugation. It was suspended three successive times in 
8 volumes each of ice-cold neutral ammonium sulfate solution of 65 per 
cent saturation, and the final precipitate was collected by centrifugation 
and dissolved in ice-cold distilled water to give a protein concentration of 
57 mg. per ml. (Fraction Ro»). 

Second Ammonium Sulfate Fractionation—To Fraction Re, neutralized 
saturated ammonium sulfate solution was added slowly with rapid stirring 
at 0° to give 45 to 46 per cent saturation. The solution, after standing at 
0° for 30 minutes, was centrifuged, and the precipitate was extracted three 
successive times with 8 volumes each of a neutralized, ice-cold solution of 
ammonium sulfate of 46 per cent saturation. Each extraction was carried 
out at 0° by stirring gently for 10 minutes, followed by centrifugation. 
The supernatant fluids obtained from each extraction were combined, and 
the enzyme was precipitated by the addition of solid ammonium sulfate 
at pH 7.0 and 60 per cent saturation. The precipitate was centrifuged 
and dissolved in ice-cold distilled water to give a protein concentration of 
78 mg. per ml. (Fraction ITW). 

Citrate-Ammonium Sulfate Fractionation at pH 6.0-—¥Fraction ITW was 
dialyzed against two changes of 3 liters each of ice-cold water for 6 hours. 
To the clear solution 0.1 volume of 0.2 M potassium citrate of pH 6.0 was 
added; the protein concentration was 44 mg. per ml. Unneutralized sat- 
urated solution of ammonium sulfate was added dropwise until 51 per cent 
saturation was reached. The precipitate was removed by centrifugation, 
and to the clear supernatant fluid more saturated solution of ammonium 
sulfate was added until saturation rose to 60 per cent. The precipitate 
was collected and dissolved in ice-cold water at pH 7.4 (Fraction R;R4). 

Citrate-Ammonium Sulfate Fractionation at pH 5.0-—Fraction trom 
the previous step, was dialyzed against two changes of 3 liters each of ice- 
cold water and fractionated with a 95 per cent saturated solution of am- 
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monium sulfate containing potassium citrate of pH 5.0 in a final concen- 
tration of 0.05 m. Four fractions were collected at 46, 51, 56, and 65 per 
cent saturation. Only the last fraction was saved and dissolved in a small 
volume of ice-cold 0.05 N NH,OH. The final pH was 7.4 (Fraction Rg). 

Isoelectric Precipitation—Fraction Ry was dialyzed overnight against 
1000 volumes of 0.03 m KCl at 0°. The protein concentration of the dia- 
lyzed solution was adjusted to 40 mg. per ml., and ice-cold 0.1 N acetic acid 
was added dropwise until the pH dropped to 5.3, as indicated by a Beckman 
pH meter, model H2. The suspension was kept for 5 minutes at 0°, and 
after centrifugation the clear supernatant fluid containing the enzyme was 
neutralized with dilute NH,OH. 


Adsorption on Calcium Phosphate Gel and Precipitation with Ammonium 
Sulfate 


The enzyme solution from the previous step was diluted with 0.03 m 
KCl to give a protein concentration of 15 mg. per ml. Calcium phosphate 
gel (14) was added dropwise at 0° with stirring until the ratio of mg. of 
protein to the mg. of gel (dry weight) was 4.0. Stirring was continued for 
10 minutes, and after centrifugation the supernatant fluid was discarded. 
The gel was extracted by stirring for 10 minutes at 0° with 0.1 m phosphate 
buffer of pH 7.5 in a volume equal to the original volume of the enzyme 
solution. The clear supernatant fluid obtained after centrifugation was 
treated with solid ammonium sulfate until 62 per cent saturation was ob- 
tained. During the addition of the ammonium sulfate the pH was kept 
at 7.0 by the dropwise addition of 3 N NH,OH. The precipitated enzyme 
was collected by centrifugation and dissolved in ice-cold water. 

Citrate-Ammonium Sulfate Fractionation at pH 6.0—This step was carried 
out in exactly the same manner as the same step described above (Frac- 
tion R3R,). 

The final enzyme solution thus obtained had a light vellow color at pH 
7.4 and was very soluble in water. Table I summarizes the data on the 
purification. The figures of the last column are the values of the ratio of 
the phosphoketotetrose aldolase to the triosephosphate isomerase. It is 
seen that approximately 40-fold purification was obtained. ‘The final en- 
zyme solution contained less than 1 per cent of its initial triosephosphate 
isomerase; there was a 13-fold enrichment in phosphoketotetrose aldolase 
compared with the triosephosphate isomerase. 


Nature of Triose Phosphate Participating in Erythrulose Phosphate 
Synthesis 
With the purified enzyme from rat liver, experiments were performed to 


ascertain which of the two triose phosphates is involved in the formation 
of erythrulose phosphate. Synthetic dihydroxyacetone phosphate and DL- 
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glyceraldehyde-3-phosphate were used as substrates. Fructose diphos- 
phate with excess muscle aldolase was also used for comparative purposes, 
The results are summarized in Table II. It is evident that dihydroxy- 


TABLE I 
Purification of Phos phoketotetrose Aldolase from Rat Liver 


| 


| 
= : 
| | 
| 
mg. per ml | 
Initial supernatant........ 3000 0.23 0.31 
Ammonium sulfate, IRe...... ..| 40.0 2400 0.47 0.52 
.| 39.6 | 1540 | 0.85 | 1.1 
Citrate-ammonium sulfate, .. ....-| 4.8 875 61: 
Dialysis; citrate-ammonium sulfate, 332.3 584 3.1 | 32.4 
Isoelectric precipitation............... 33.7 475 4.3 3.1 
Calcium phosphate gel............ 45.6 225 7.1 3.8 
Citrate-ammonium sulfate, 198 9.4 4.2 


= 4 of CH.O utilised i in 10 minutes. 


TaBLe II 
Nature of Triose Phosphate Participating in Synthesis of Erythrulose-1-phosphate 
The reaction mixture contained 75 ymoles of MgCl., 0.6 umole of potassium iodo- 
acetate, 5.0 uymoles of formaldehyde, purified enzyme, 0.2 mg. of protein (specific 
activity 9.4 units per mg.), and additions as indicated. Incubation at 37° in an 
atmosphere of air; 1 ml. final volume. 
| Formaldehyde utilized 


| 
| 


Addition, umoles 


pmoles per 10 min. 


pL-Glyceraldehyde-3-phosphate 8.0... | 0.2 
Dihydroxyacetone phosphate 4.0. 1.13 
Fructose-1 ,6-diphosphate 15.0......._. 1.08 
Fructose-1 ,6-diphosphate 15 + crystalline muscle aldolase (re- 

crystallized 6 times, added in excess)........................ | 1.26 


acetone phosphate is the triose involved in the condensation with form- 
aldehyde and that the slight activity of glyceraldehyde phosphate may be 
ascribed to the presence of a trace of triosephosphate isomerase, since under 
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the same conditions 0.25 umole of glyceraldehyde phosphate was found to 
jsomerize to dihydroxyacetone phosphate. In order to test the possibility 
that the inactivity of glyceraldehyde-3-phosphate might be due to selec- 
tive destruction by a phosphatase or to participation in other reactions, 
a similar experiment was run, and the amount of p-glyceraldehyde-3- 
phosphate remaining after the incubation was determined spectrophoto- 
metrically according to Cori et al. (4). Of the 4.0 umoles of the p-isomer 
employed, 3.72 umoles were recovered at the end of the experiment, thus 


40 I Ir 


MICROMOLES 
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Fig. 1. Reversibility and equilibrium of the reaction catalyzed by the phospho- 
ketotetrose aldolase. The reaction mixture contained 75 uwmoles of MgCl. and puri- 
fied enzyme (0.3 mg. of protein, specific activity 9.4 units per mg.). In the experi- 
ments represented by Curves I, A and II the substrate was 4.0 wmoles each of 
dihydroxyacetone phosphate and C'*-formaldehyde (specific activity, 25,200 e.p.m. 
per wmole). In the experiments represented by Curve I, B the substrate was 4.0 
umoles of C'4-erythrulose-l1-phosphate. The incubation was run at pH 7.4 and 28° 
with air as the gas phase and 1.0 ml. final volume. Curve I, A, formaldehyde (@) 
and dihydroxyacetone phosphate (O) remaining at the end of the incubation; Curve 
I, B, formation of formaldehyde and dihydroxyacetone phosphate; Curve II, forma- 
tion of erythrulose phosphate. 


demonstrating the non-participation of glyceraldehyde phosphate in the 
synthesis of erythrulose phosphate. 


Reversibility and Equilibrium Data 


In preliminary experiments in which fructose diphosphate was used as 
the source of dihydroxyacetone phosphate, it was observed that the utiliza- 
tion of formaldehyde did not proceed to completion and that only in the 
presence of a great excess of fructose diphosphate and Meyerhof-Lohmann 
aldolase did the utilization of formaldehyde reach 90 per cent or more. 
These results suggested that the reaction may be reversible and that the 
equilibrium favors formation of erythrulose phosphate. Fig. 1 summarizes 
the results obtained when the reaction is followed from the forward (eryth- 
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rulose phosphate synthesis) and the backward (erythrulose phosphate cleay- 
age) direction. At the end of the incubation the reaction was stopped 
with trichloroacetic acid, and the protein-free filtrate was neutralized 
cautiously at 0° with NH,OH. Formaldehyde and dihydroxyacetone phos- 
phate were assayed as earlier described. Since there is no specific test for 
erythrulose phosphate, its determination was carried out by isolation, 
followed by estimation of total C™ content. From its known specific 
activity the amount present could be calculated. The isolation procedure 
is as follows: The protein-free filtrate obtained from the experiment de- 
scribed in Fig. | was treated with 2 ,4-dinitrophenylhydrazine, and the pH 
was adjusted to 6.5 at 0°. The formaldehyde hydrazone as well as excess 
reagent was removed by passing the mixture through a Florisil column 
(0.5 by 1.2 em.). The hydrazone and excess reagent are adsorbed on the 
column, while the erythrulose phosphate passes through. After eluting 
the column with 2 ml. of water and combining the eluates, an aliquot was 
assayed for the presence of formaldehyde to insure its complete absence 
from the eluate. In this way, all the counts that are present in the eluate 
are contained in the erythrulose phosphate. After counting an aliquot 
of the eluate and from the known specific activity of the tetrose phosphate 
(determined in a separate similar experiment under “periodic acid oxidation 
of isolated C'-erythrulose phosphate’’) the amount present could be cal- 
culated. Table III presents a summary of the stoichiometry of the reac- 
tion. It also shows that addition of excess crystalline Meyerhof-Lohmann 
aldolase has no effect on the equilibrium, since triosephosphate isomerase 
is limiting. 


Relationship of Phosphoketotetrose Aldolase to M eyerhof-Lohmann 
Aldolase 


Meyerhof and coworkers (15), using dialyzed muscle extracts, concluded 
that aldolase could bring about the condensation of a number of aldehydes 
with dihydroxyacetone phosphate. It was then of interest to determine 
whether the enzyme responsible for the formation of erythrulose phosphate 
was the same aldolase described by these workers. By testing various 
fractions during the purification of the rat liver system for aldolase and 
erythrulose phosphate-forming activities, it was possible to demonstrate 
that the ratio of these two activities varied considerably from fraction to 
fraction. ‘Two such fractionations were performed. 

Ammonium Sulfate Fractionation in Presence of Potassium Citrate at 
pH 5.0-——-A purified enzyme solution, with a specific activity of 9.4 units 
per mg., was fractionated with 95 per cent saturated ammonium sulfate 
solution containing potassium citrate at 0.05 m final concentration, pH 
5.0. Five fractions were collected at 45, 50, 55, 65, and 70 per cent sat- 
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uration. Each was assayed for the Meyerhof-Lohmann aldolase and the 
phosphoketotetrose aldolase as described previously. It was observed that 
the ratio of the Meyerhof-Lohmann aldolase to the phosphoketotetrose 
aldolase varied from 0.75 to 4.0, being smaller in the initial and higher in 
the latter fractions. 

Isoelectric Precipitation—-A similar enzyme solution, specific activity 
9.4 units per mg., was fractionated at 0° by the cautious addition of ice- 
cold 0.1 N acetic acid. Four different fractions were collected at pH 5.9, 
5.65, 5.35, and 5.0, and after neutralization, each was assayed for the two 
enzyme activities as before. The ratio of the two enzyme systems was 
10.0 in the fraction collected at pH 5.9 and dropped continuously until it 


TaBLeE III 


Stoichiometry of Formation of Erythrulose Phosphate from Dihydroxyacetone 
Phosphate and Formaldehyde 
The reaction mixture contained 75 wmoles of MgClo, 4.0 umoles of dihydroxyace- 
tone phosphate, 4.0 wmoles of C'4-formaldehyde (specific activity 25,200 ¢.p.m. per 
umole), purified enzyme, 0.3 mg. of protein (specific activity 9.4 units per mg.), and 
water to a final volume of 1 ml. Incubation at 28° in an atmosphere of air for 40 
minutes. All solutions were adjusted to pH 7.4 with NH,OH. 


Dihydroxy- Erythrulose-1- 


Formaldehyde 
Additions acetone phos- phosphate 
utilized phate utilized | formed 
pmoles | pmoles | pmoles 
| | 
2.588 


Crystalline muscle aldolase................. 


reached a value of 1.5 in the fraction collected at pH 5.0. Attempts to 
separate the two enzyme systems completely were unsuccessful. 


Periodic Acid Oxidation of Isolated C'-Erythrulose Phosphate 


In an attempt to determine more rigorously the chemical structure of 
erythrulose phosphate and the position of the phosphate in the molecule, a 
sample of the purified sugar, synthesized as described in Fig. 1, was exposed 
to periodic acid oxidation. The isolation of the C'-erythrulose phosphate 
was described previously (1), except that the barium salt was further puri- 
fied by regenerating the free ester, followed by precipitation of the calcium 
salt at pH 6 with 3 volumes of ethanol. The calcium was removed by 
dissolving the salt in water at pH 6.0 and passing through a short column 
of Dowex 50 (NH, form). Samples of the calcium-free ester chroma- 
tographed on paper (1) yielded a single spot. In addition, chromatograms 
of the free sugar, after hydrolysis of the phosphate by intestinal phospha- 
tase, indicated the presence of a single sugar corresponding to authentic 
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erythrulose (1). The periodic acid oxidation of the radioactive erythrulose 
phosphate and the quantitative determination of the oxidation products 
were carried out as follows: To 3 ml. containing 4.0 umoles of C“-erythru- 
lose phosphate (based on 4.0 umoles of organic phosphorus) 1.0 ml. of 1.0 
N NaHCO; and 1.0 ml. of 0.3 m periodic acid (16) were added, and the 
oxidation was allowed to proceed for 30 minutes at room temperature, 
At the end of this period 1.5 ml. of 1.0 N HCl and 1.3 ml. of 1.2 mM sodium 
arsenate were added to the solution, and the sample was diluted to 10.0 ml. 
with water. If the erythrulose is phosphorylated on carbon atom | next 
to the carbonyl, 1.0 umole of C-formaldehyde, formic acid, and phospho- 
glycolic acid, respectively, should be formed for each ymole of erythrulose 
phosphate oxidized. An aliquot of the oxidized sample was passed through 
short columns of Dowex | (Cl- form) and Dowex 50 (H* form), and the 
eluate was collected and assayed for formaldehyde. Its specific activity 
was determined by adding 0.9 mg. of carrier formaldehyde and counting 
the isolated dimedon derivative (1). It was found to be 24,819 to 25,000 
¢.p.m. per umole. 

The amount of formic acid resulting from the periodic acid oxidation 
was determined by isotopic dilution of added C'-formic acid as follows: 
To the remaining solution from the periodic acid oxidation 8.0 uwmoles of 
C'-formic acid, specific activity 16,000 ¢.p.m. per umole, were added fol- 
lowed by the addition of 10 per cent excess of barium acetate at pH 6.6. 
The precipitate was centrifuged and washed extensively with ice-cold 
water until no organic phosphorus could be removed in the washings. The 
combined supernatant fluid and washings, adjusted to pH 7.8, were concen- 
trated to a small volume by lyophilization. It was then treated with 2,4- 
dinitrophenylhydrazine in order to remove the formaldehyde present, and 
the mixture was passed through a Florisil column (8 by 0.7 cm.). The 
formaldehyde-free eluate containing the C'-formic and phosphoglycolic 
acids was treated as follows: 

An aliquot was reduced under standard conditions (6)? with magnesium 
ribbon, and the resulting labeled formaldehyde was determined colorimetri- 
cally. Carrier non-radioactive formaldehyde was then added and the 
dimedon derivative isolated and counted as mentioned earlier. From the 
specific activity of the formaldehyde, the extent of dilution involved could 
be calculated. It was found that the specific activity of the formate 
dropped from 16,000 ¢.p.m. to 10,666 ¢.p.m. per umole, indicating that 
4.0 umoles of formic acid had been produced from the 4.0 umoles of eryth- 
rulose phosphate oxidized. 

The remaining eluate was acidified to pH 1.0 with HCI and concentrated 
to 2.0 ml. The phosphoglycolic acid present is not hydrolyzed by this 


2 A 30 per cent yield of formaldehyde was invariably obtained by this procedure. 
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treatment, since no inorganic phosphorus was released. The identification 
and quantitative estimation of phosphoglycolic acid were achieved by (a) 
its hydrolysis characteristics in 1.0 N HoSO, and 1.0 n CH;COOH, re- 
spectively, at 100°. Phosphoglycolic acid and phosphoglycolaldehyde can 
be differentiated by this method (17). Table IV summarizes the data. 
It will be noticed that the rates of hydrolysis under these conditions are in 
good agreement with those reported in the literature (17) and that no 
phosphoglycolaldehyde was present, since less than 1.0 per cent hydrolysis 
occurred during the first 12 minutes in 1.0 nN H.SO,4 compared to 50 per 
cent hydrolysis of phosphoglycolaldehyde. (b) By colorimetric determina- 
tion of glycolic acid released after removal of its phosphate by acid hydroly- 


TABLE IV 
Acid Hydrolysis of Phosphoglycolic Acid 


Each tube contained an aliquot of the sample and the respective acid in a final 
volume of 1 ml. 


1.0 N H2SO, at 100°, per cent 


1.0 nN CHsCOOH at 100°, 


Time hydrolysis Time per cent hydrolysis 

| | 

1.0 = 2 20.1 18.6* 
2.0 8.0* | 

8.0 24.0 25.0* 5 39.7 43.0* 
21.0 | 87.5 55.0* 
30.0 «68.3 65.0* 8 55.6 
36.0 | 70.5 | 


. Taken from the work of F leury and Courtois (17). 


sis or by treatment with intestinal phosphatase (7). 3.98 uwmoles of gly- 
colic acid were obtained from the oxidation of 4.0 umoles of erythrulose 
phosphate. The ratio of glycolic acid to the phosphorus released during 
its acid hydrolysis was 1.0. (c) By paper chromatography and comparison 
with authentic glycolic acid. Three solvent systems were used in ascend- 
ing chromatograms: diethyl ether-glacial acetic acid-water (13:3:1), ace- 
tone-diethyl ether-glacial acetic acid-water (6:6:3:1) (18), n-butanol- 
benzyl aleohol-water (5:5:1), and 1.0 per cent of 90 per cent formic acid 
(19). In all three systems, the unknown spot gave identical Rr values 
with authentic glycolic acid and mixed chromatograms migrated as single 
spots. Table V presents a balance sheet of the products obtained from 
the periodic acid oxidation of 4.0 umoles of C'-erythrulose phosphate. The 
specific activity of the formaldehyde used in the enzymatic synthesis of 
the phosphorylated tetrose was 25,000 ¢.p.m. per umole. 
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Effect of Various Ions on Activity of Purified Phosphoketotetrose Aldolase 


During the purification of the enzyme system from rat liver it was ob- 
served that after prolonged dialysis against distilled water the enzyme 
solution lost most of its activity (very frequently as much as 90 per cent 


TABLE V 
Products Periodic Acid Oxidation of 1- “phosphate 
Erythrulose-phosphate 4.0 


C'*-formaldehyde formed (specific activity 24 900 ¢.p.m. per 

Formic acid formed............. 4.0 


20} eMgClp NaCl 


USED 


*MgSOqg eKCI 


009 O15 0-21 
FINAL MOLARITY 
Fic. 2. Activating effect of various salts on the purified phosphoketotet rose aldo- 
lase. The enzyme had been dialyzed against 1000 volumes of distilled water at 0° 
for 24 hours. Each tube contained 15 wmoles of fructose diphosphate, 5.0 umoles of 
formaldehyde, excess crystalline muscle aldolase, and purified enzyme. The ineu- 


bation was run for 10 minutes at 37° with N» as the gas phase and 1.0 ml. final volume. - 


of the activity prior to dialysis). Attempts to reactivate the system by 
adding various organic coenzymes were unsuccessful. However, addition 
of a variety of salts not only restored the activity to its initial value but 
resulted in additional activation, depending on the amount of salt present 
in the initial enzyme solution. Fig. 2 summarizes the results obtained. 
This activation of the phosphoketotetrose aldolase by various ions seems 
to be due to a general requirement for ions rather than to a specific species 
of ions. In these tests fructose diphosphate was the source of triose phos- 
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phate, and the effect of salts was shown in separate determinations not to 
be related to the Meverhof-Lohmann aldolase. 


Coenzyme Requirements and Properties of Purified Enzyme 


All attempts to demonstrate the participation of a coenzyme in the 
present system were unsuccessful. In particular, the requirement for 
thiamine pyrophosphate was investigated by treating the enzyme with 
acid ammonium sulfate, a procedure which splits this coenzyme from its 
apoenzyme in certain systems (20). Only small loss of activity occurred 
after such treatment, and addition of thiamine pyrophosphate did not 
restore the lost activity. Also, dialysis against Versene-KCl (21) failed 
to bring about a requirement for cocarboxylase. 


lu 
2 
o 40} 
=x 
30} 
20 
6.0 70 8.0 
pH 


Fia. 3. pH optimum of the phosphoketotetrose aldolase 


The purified enzyme maintained its activity for 2 weeks if kept frozen 
at —20°. Enzymatic activity was also maintained at 5° for 3 weeks if 
the enzyme solution contained ammonium sulfate of 2 to 5 per cent final 
concentration and the pH was adjusted to 7.4. Organic solvents such as 
methanol, ethanol, and acetone caused considerable loss of activity irre- 
spective of the purity of the enzyme, ionic strength, and pH. The optimal 
pH for enzyme activity lies between 7.0 and 7.4, as shown in Fig. 3. 


DISCUSSION 


The wide-spread distribution of phosphoketotetrose aldolase in mam- 
malian tissues (1) suggests that tetrose phosphates may play a significant 
réle in the metabolic economy of the cell. The participation of tetroses in 
the formation of heptoses (22) demonstrates the existence of additional 
alternative metabolic pathways in the synthesis and breakdown of carbo- 
hydrates. It is of interest to note that experimental tumors have very 
little, if any at all, of this enzyme (1). 
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SUMMARY 
1. A new aldolase called phosphoketotetrose aldolase has been purified 
40-fold from rat liver. 
2. The enzyme catalyzes the reversible formation of erythrulose-1-phos- 
phate from formaldehyde and dihydroxyacetone phosphate. The equilib- 
rium of this reaction favors formation of the ketotetrose phosphate. ( 
3. With C"*-formaldehyde, the product was isolated and exposed to 
periodic acid oxidation. ‘The products of this oxidation were quantitatively 
determined and shown to be C'-formaldehyde, formic acid, and phospho- 
glycolic acid with a ratio of 1.1:1:1, respectively. These findings demon- . 
strate that the phosphate is attached on carbon atom | next to the carbonyl. I 
The author is indebted to Mr. Robert Klaus and Mr. Edmund Steven- . 
son for valuable technical assistance. J 
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BACTERIAL BUTYLENE GLYCOL DEHYDROGENASE AND 
DIACETYL REDUCTASE* 


By HAROLD J. STRECKERf ano ISAAC 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, June 14, 1954) 


The early literature indicates much confusion as to the origin of acetyl- 
methylearbinol and butylene glycol in microbiological fermentations. 
Happold and Spencer (1) have reviewed much of this early work and have 
studied in detail the conditions for the formation of acetylmethylearbinol 
and butylene glycol from glucose and pyruvate by Aerobacter aerogenes. 
Juni (2) has demonstrated that acetoin arises from pyruvate via acetolactic 
acid as intermediate with A. aerogenes and other bacterial cells. Evidence 
that the butylene glycol-acetoin system is diphosphopyridine nucleotide- 
linked has been obtained by DeMoss et al. (3), who observed the reduction 
of DPN*! by butylene glycol and the reoxidation of DPNH by acetoin in 
extracts of Leuconostoc mesenteroides. The work reported here deals with 
the isolation and partial purification of two enzyme systems from A. 
aerogenes and Staphylococcus aureus, one catalyzing the reversible oxida- 
tion by DPN* of butylene glycol to acetoin and the other catalyzing an 
essentially irreversible reduction by DPNH of diacetyl to acetoin. These 
enzymes are referred to as butylene glycol dehydrogenase and diacetyl 
reductase respectively. 


Experiments with Bacterial Extracts 


In preliminary experiments with crude extracts of A. aerogenes it was 
observed that the addition of 2 ,3-butylene glycol caused a rapid reduction 
of DPN*, and that the reduction was reversed by the addition of either 
acetoin or diacetyl. Extracts of S. aureus also catalyzed a rapid oxidation 


* Aided by grants from the National Institutes of Health, United States Public 
Health Service, the American Cancer Society (recommended by the Committee on 
Growth of the National Research Council), and by a contract (N6onr279, T. O. 6) 
between the Office of Naval Research and New York Universit y College of Medicine. 

t Fellow of the American Cancer Society on recommendation of the Committee on 
Growth of the National Research Council. Present address, Department of Pharma- 
cology, New York State Psychiatric Institute, New York. 

t Present address, Section of Cellular Physiology, National Heart Institute, 
National Institutes of Health, Bethesda, Maryland. 

' The following abbreviations are used: DPN* and DPNH oxidized and reduced 
diphosphopyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane. The or- 
ganism Micrococcus pyogenes (var. aureus) is referred to as Staphylococcus aureus. 
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of DPNH by diacetyl; the reduction of DPN by butylene glycol was, 
however, quite slow. Neither extract could bring about a reduction of 
DPN by acetoin. With butylene glycol as the substrate, analysis of the 
reaction mixture for acetoin and diacetyl indicated only acetoin to be 
present in amounts approximately equivalent to the DPN reduced 


TaBLe 
Reduction of Diacetyl and Acetoin 
The reaction mixtures contained 0.3 umole of DPN, 200 umoles of glucose, 3600 
units of glucose dehydrogenase, 1.0 umole of iodoacetate, 0.1 ml. of S. aureus extract 
with 3.0 mg. of protein and 50 wmoles of potassium phosphate buffer, pH 7.0, in a 
total volume of 1.0 ml. In addition, 18.6 wmoles of diacetyl were present in Experi- 
ment 1, or 13.3 wmoles of acetoin in Experiment 2. Incubation i in air rat 30°. 


Experiment No. Time | Diacety] | Acetoin  Butylene glycol 


min. | pmoles pmoles pmoles 

1 0 | 18.6 0 0 
30 3.5 9.5 4.7 
60 | 0 7.5 10.1 

90 (No glucose) 18.5 0 0 

2 0 | 0 13.3 0 
90 0 8.0 5.3 

90 (No glucose) 0 13.3 0 


Further experiments were carried out with diacetyl and acetoin as 
substrates and the glucose dehydrogenase system to reduce DPN accord- 
ing to the following reactions: 


(1) : Glucose + DPN* + H.O = gluconate” + DPNH + 2H* 
(2) Acetoin (or diacetyl) + DPNH + H* = 2,3-butylene glycol (or acetoin) 
+ DPN* 


Sum (1) + (2) glucose + H.O + acetoin (or diacetyl) —~~— 
gluconate~ + H+ 4+ 2,3- butylene glycol (or acetoin) 


Typical experiments are shown in Table I. In these experiments the 
reaction mixture described was incubated for various periods and then 
deproteinized by addition of 1.0 ml. of 12 per cent trichloroacetic acid. 
Suitable aliquots were removed for the determinations. TIodoacetic acid 
was added to prevent fermentation of glucose. With diacetyl as sub- 
strate, complete reduction to acetoin and butylene glycol took place in 30 


2 No diacetyl was formed from acetoin, in the presence of DPN*, even when the 
bacterial extracts were supplemented with pyruvate and lactic dehydrogenase, or 
with a-ketoglutarate, NH;, and glutamic dehydrogenase. This should have shifted 
an unfavorable equilibrium through reoxidation of any DPNH that might have been 
formed. 
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to 60 minutes. With acetoin as substrate, butylene glycol was produced 
in amounts equivalent to the acetoin removed. There was no significant 
disappearance of either diacetyl or acetoin in the absence of glucose. 

The above results suggested the existence of two enzyme systems in the 
bacterial extracts, one catalyzing the reversible oxidation of butylene 
glycol to acetoin and the other the irreversible reduction of diacetyl to 
acetoin. However, due to the similarity of structure of acetoin and 
diacetyl, and the fact that with each compound a carbonyl group is re- 
duced to a hydroxyl group, it was possible that a single enzyme might act 
on both compounds. In order to decide this question the A. aerogenes 
extract was purified utilizing the rate of reduction of DPN by butylene gly- 
col as an assay, and the S. aureus extract was purified employing the rate of 
oxidation of DPNH > by diacetyl as the assay. The former activity will be 
referred to as butylene glycol dehydrogenase and the latter as diacetyl re- 
ductase. Both activities were purified about 80-fold. At each stage of 
purification of both extracts, the rate of oxidation of DPNH by acetoin was 
also measured. With the A. aerogenes extract it was found that the ratio of 
diacety] reduction to acetoin reduction decreased from 1.5 to 0.5. With 
the S. aureus extract this ratio increased from 4.5 to 22.5. It appears fairly 
conclusive that the two enzymatic activations are not the same. 


Butylene Glycol Dehydrogenase 


Assay-—F or assay of this activity, the samples (in quartz cells, d = 1.0 
em.) contained 150 ymoles of potassium phosphate buffer, pH 7.0, 40 
umoles of butylene glycol, 0.3 umole of DPN, enzyme, and water to a final 
volume of 3.0 ml. The reaction was started by the addition of butylene 
glycol. The increase in optical density at 340 my between 15 and 30 
seconds after making the last addition (measured in the Beckman spectro- 
photometer against a blank cell containing all components except DPN) 
was used to calculate the enzyme activity. 1 enzyme unit is defined as 
the amount of enzyme causing an increase in optical density of 0.01 per 
minute. Within the limits of enzyme concentration used, the activity is 
proportional to protein concentration. For measurement of diacetyl and 
acetoin reduction the assay was the same, except that the rate of oxidation 
of DPNH (0.3 umole) by either substrate (40 wmoles) was used. The 
protein content of the enzyme solutions was determined spectrophoto- 
metrically by measuring the absorption of light at wave-lengths 280 and 
260 mu. The protein concentration was calculated from the absorption 
at 280 my with a correction for the nucleic acid content from the data given 
by Warburg and Christian (4). 

Purification—The preparation of the A. aerogenes extract has been 
described in a previous paper (5). All steps were carried out in the cold. 

A solution of 0.2 per cent protamine sulfate in deionized water was added 
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to the A. aerogenes extract in the proportion of 0.16 ml. per ml. of extract. 
After being stirred for 10 to 15 minutes, the mixture was centrifuged and 
the precipitate discarded. Solid ammonium sulfate was added to the 
supernatant fluid to 55 per cent of saturation. The suspension was stirred 
for 15 minutes, centrifuged, and the supernatant fluid discarded. The 
precipitate was dissolved in a volume of 0.01 mM potassium phosphate 
buffer, pH 7.0, approximately one-tenth of the volume before addition of 
ammonium sulfate. The solution was then dialyzed 4 hours against 50 to 
LOO volumes of the same buffer with one complete change of buffer after 
2 hours. The enzyme solution was chilled to 0° and ethanol slowly added 
to a concentration of 40 per cent by volume while the solution was being 
cooled further to —10°. 0.01 m zine acetate was then added to a concen- 
tration of 0.002 m. The suspension was centrifuged at —5° to —10° at 
15,000 to 20,000 r.p.m. for 30 minutes in the high speed head of the Inter- 
national centrifuge and the precipitate was discarded. 0.01 M zine acetate 
was further added to the supernatant fluid to a concentration of 0.008 m 
and the suspension centrifuged as before. The precipitate was triturated 
with 0.01 mM potassium phosphate buffer, pH 7.0, and centrifuged. The 
clear colorless supernatant fluid contained about 12 per cent of the original 
units with an 80-fold purification. These solutions have been kept at 
— 14° to —18° for over 2 years with partial retention of activity. A sum- 
mary of the purification steps is shown in Table IT. 

Specificity—In the forward direction butylene glycol dehydrogenase was 
tested on the following substances, all of which were inactive: ethanol, 
glycerol, ethylene glycol, isobutanol, malic acid, isoamy! alcohol, glucose, 
isopropanol, and tartaric acid. 


Diacetyl Reductase 


The assay and enzyme unit are the same as for the butylene glycol 
dehydrogenase, except that DPNH and diacetyl are the reactants. 

Purification—The preparation of the S. aureus extract has been pre- 
viously described (5). All steps were carried out in the cold. 

A solution of 0.2 per cent protamine sulfate in deionized water was 
added to the S. aureus extract in the ratio of 0.16:1.0 by volume. After 
stirring 10 to 15 minutes, the suspension was centrifuged and the precipi- 
tate discarded. The pH of the supernatant fluid was adjusted to 5.7 by 
the addition of 10 per cent acetic acid. Calcium phosphate gel (23.5 mg. 
of Ca3(PO,4)2 per ml.) was added to the solution in the proportion of 3 ml. 
of gel for 10 ml. of enzyme solution. After being stirred for 15 minutes, 
the solution was centrifuged and the supernatant fluid discarded. The gel 
was then stirred with 10 ml. of 10 per cent ammonium sulfate, adjusted 
to pH 8.0 with aqueous ammonia, and centrifuged. This process was 
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‘repeated. The supernatant fluids were combined, solid ammonium sul- 


fate was added to 30 per cent saturation, and the mixture was centrifuged. 
The precipitate was discarded and solid ammonium sulfate was added to 
the supernatant solution to 60 per cent saturation. The suspension was 
centrifuged and the supernatant fluid discarded. The precipitate was 


Taste II 
Purification of Butylene Glycol Dehydrogenase of A. aerogenes 
115 gm. of cells (wet weight). 


Steps | Units Protein Yield ratio*® 
| units per 
| | cent | 
375 | 1,290,000 10,250 115 100 1.5 
Protamine supernatant solution..... 365 1,160,000 2,920 396 90 1.5 
(NH 4)oSO, ppt. (0-0.55 saturation). 41 760,000 676 1120 59 0.8 
Zine acetate-ethanol fraction. . ve] 15 | 150,000 © 16 8850 12 | 0.5 


For description of the unit, see the text. 
* Rate of diacetyl reduction to rate of acetoin reduction in the presence of DPNH. 


TaBLe III 


Purification of Diacetyl Reductase of S. aureus 
20 gm. of cells (wet weight). 


Steps ame Units Speci Yield ratio® 

ml. | | ™6- aad | 
Prétamine supernatant solution......... 60 | 94,000 174 540 987.5 
(NH,):SO, ppt. (0.3-0.6 saturation)..... 10 | 48,000 43 1120 | 50 20.0 
 (0.25-0.5 5 | 40,000 | 1227 42 | 22.5 


* Rate of diacetyl reduction to rate of acetoin reduction in the presence of DPNH. 


dissolved in one-half the previous volume of 0.1 mM potassium phosphate, 
pH 7.0; solid ammonium sulfate was added to 25 per cent saturation, the 
suspension was centrifuged, and the precipitate discarded. Solid am- 
monium sulfate was further added to the supernatant fluid to 50 per cent 
saturation, and the suspension centrifuged. The precipitate was dissolved 
in 0.1 Mm KeoHPO,, resulting in a clear colorless solution which has been 
stored at —14° to —18° over 2 years with partial retention of activity. 
The purification is summarized in Table ITI. 
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Equilibrium Constant of Butylene Glycol-Acetoin System 


The equilibrium constant of Reaction 3 (AK = [acetoin] [DPNH] [H*]/- 
[2 ,3-butylene glycol] [DPN*]) was determined at pH 7.4 and 8.4 with 
different concentrations of reactants. Butylene glycol and acetoin were 


(3) 2,3-Butylene glycol + DPN* =— acetoin + DPNH + H* 


incubated with DPN (0.0306 umole per ml.) enzyme and either potassium 
phosphate buffer for the series at pH 7.4 or Tris buffer for the series at pH 


TaBLe IV 
Equilibrium Constant of Reaction 2,3-Butylene Glycol + DPN* = Acetoin + 
DPNH + H* 
The initial concentration of DPN* was 0.0306 X 10°% mole per liter throughout. 
No DPNIL initially. 


Concentration of reactants 
at equilibrium; 


Initial concentration 
of reactants; 
moles per liter K 10° 


pH moles per liter 10° K 
Butylene  Acetoin. DPNH DPN*+ Acetoin 
mole X 
1 7.4 13.3 0.166 0.0109 0.0197 0.177 , 2.93 x 10° 
2 7.4 13.3 0.083 0.0153 0.0153 0.098 | 2.94 X 10°'° 
3 7.4 26 0.083 0.0196 0.0110 0.103 | 2.76 x 10°" 
4 8.4 13.3 0.083 0.0268 0.00388 0.110 2.32 x 10°" 
5 | 8.4 6.7 0.166 0.0217 0.0089 0.188 2.72 107 
6 | 8.4 6.7 0.333 0.0172 0.0134 0.350 2.67 10°" 
6.7 0.666 0.0127 0.0179 0.679 10°" 
8 | 8.4 6.7 0.8382 00108 O.0198 0.843 273 xX 


8.4 (each 50 umoles per ml.) in a final volume of 3.0 ml. The blank cell 
contained all of the components except DPN; d = 1.0 cm.; temperature, 
27°. After taking a zero time reading of the optical density at 340 my 
prior to the addition of enzyme, 500 units of butylene glycol dehydro- 
genase (specific activity 8850) were added and the optical density recorded 
until constant values were obtained, indicating attainment of equilibrium; 
this occurred within 30 minutes. The concentrations of DPN and DPNH 
at equilibrium were determined from the optical density at 340 my, and 
the change in the concentration of acetoin calculated from the DPNH 
formed. The concentration of butylene glycol at equilibrium was as- 
sumed to be equal to the initial concentration because the change was 
negligible by comparison with the amount of butylene glycol initially 
present. The molecular extinction coefficient of DPNH was taken as 
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§.22 * 10° (em.? K mole) (6). From a number of determinations, shown 
in Table IV, the average value for K was calculated to be 2.74 « 10-% 
(moles liter™'). 


DISCUSSION 


It seems probable that diacetyl reductase is a component of the ‘‘diacety! 
mutase”’ of Green ef al. (7). The failure to obtain oxidation of acetoin in 
the presence of diacetyl reductase, DPN* glutamic dehydrogenase, a-keto- 
glutarate, and NH,* ions® indicates that the diacetyl-acetoin system is 
considerably more electropositive than the glutamate-a-ketoglutarate + 
NH; system for which the /o’ has been caleulated to be about —0.106 
volt (8,9). However, Doisy and Westerfeld (10) have demonstrated that 
acetoin and butylene glycol significantly increased acetylation of p-amino- 
benzoic acids by rabbits, and Dolin et al. (11) have reported that Streptocoe- 
cus faecalis will cleave diacetyl to acetate and acetyl CoA. Sebek and 
Randles (12) have observed that Pseudomonas fluorescens can oxidize 
butylene glycol and acetoin to diacetyl. All of these observations indicate 
that diacetyl can be formed from acetoin in biological systems. If this is 
so, it seems unlikely that this reaction would be catalyzed by a pyridine 
nucleotide-linked enzyme system. The oxidation of acetoin and reduction 
of diacety] might be analogous to the corresponding reactions of glycolic 
and glyoxylie acids (13), in which the former reaction (glycolic acid oxida- 
tion) is catalyzed by a non-pyridine nucleotide enzyme and the latter 
(glyoxylic acid reduction) by a DPN-linked one. 


Methods 


2 ,3-Butylene glycol, acetoin, and diacetyl were commercial products. 
Glutamic and glucose dehydrogenases were prepared as previously de- 
scribed (8, 14). DPN* was assayed spectrophotometrically with the 
glucose dehydrogenase system. DPNH was prepared enzymatically by 
reduction of DPN* with alcohol in the presence of yeast alcohol dehy- 
drogenase (15) and was precipitated and kept as the barium salt (16). It 
was assayed spectrophotometrically through oxidation by a-ketoglutarate 
and NH,* ions in the presence of glutamic dehydrogenase. Other prepara- 
tions and analytical methods were as previously described (5). 


SUMMARY 


Enzymes catalyzing the reversible oxidation of butylene glycol to acetoin 
(butylene glycol dehydrogenase) and the reduction of diacetyl to acetoin 
(diacetyl reductase) have been isolated and partially purified from ex- 
tracts of Aerobacter aerogenes and Staphylococcus aureus. Both enzymes 
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are pyridine nucleotide-linked. The equilibrium constant of the reaction 
catalyzed by butylene glycol dehydrogenase has been determined. 


The authors wish to thank Dr. Severo Ochoa for his interest and advice. 
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PRODUCT INHIBITION IN THE GLYCINE N-ACYLASE 
REACTION * 


By DAVID SCHACHTER? ann JOHN V. TAGGART 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York, New York) 


(Received for publication, June 10, 1954) 


The purification and properties of a glycine N-acylase derived from beef 
liver mitochondria have been described in a previous communication (1). 
This enzyme catalyzes the transfer of various aliphatic (C:-Cio9) and aro- 
matic acyl groups from the acyl thio esters of coenzyme A (CoASH) to the 
a-amino nitrogen of glycine (Equation 1). 


(1) RCOSCoA + H:NCH:COOH — RCONHCH:COOH + CoASH 


In studies with benzoyl CoA as a representative acyl donor, it was ob- 
served that the velocity of the reaction decreases steadily with time, even 
during the initial minute (Fig. 1). Neither depletion of the substrate! 
nor inactivation of the enzyme accounts for the observed decline in rate. 
A contributing factor has been found to be an inhibition of the enzyme by 
products of the reaction, viz. hippurate and CoASH. The present studies 
provide additional information concerning the nature of this inhibition. 


Methods and Materials 


The rate of acylglycine synthesis was followed either by an estimation of 
the amount of CoASH liberated (Equation 1) or by a spectrophotometric 
method described previously (1, 2). The latter method is dependent upon 
the decrease in optical density at 280 mp which accompanies the cleavage 
of the thio ester bond of benzoyl CoA. A preparation of beef liver glycine 
N-acylase with a specific activity of 62 units per mg.? was used in all the 
experiments; this preparation contained no detectable benzoyl CoA de- 
acylase. Acetyl CoA, n-valeryl CoA, benzoyl CoA, butyrylglycine, and 
valerylglycine were prepared and estimated by methods described pre- 
viously (1). 


* This work was supported by the Rockefeller Foundation. 

t Fellow of the Life Insurance Medical Research Fund. 

1 Under the conditions utilized in the spectrophotometric assay of glycine acylase 
activity, the velocity of the reaction is independent of the benzoyl CoA concentra- 
tion above 0.04 umole per ml. 

21 unit of activity, as determined by the spectrophotometric method, corresponds 
to a decrease in optical density of 0.100 per minute (280 mug, 1 cm. light path), when the 
initial concentration of benzoyl CoA is 0.04 to 0.08 umole per ml., and the velocity of 
the reaction is determined between 15 and 45 seconds after the addition of enzyme (1). 
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EXPERIMENTAL 


Inhibition by Hippurate and CoASH—The effect of increasing concentra- 
tions ot either hippurate or CoASH on the rate of hippurate synthesis 
from benzoyl CoA is shown in Fig. 2. Although CoASH could not be 
examined over as wide a range of concentrations as was hippurate, it is 
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Fig. 1. Declining rate of hippurate synthesis with time, as estimated by the spec- 
trophotometric method. The complete system contained 100 7 of glycine N-acylase, 
0.12 umole of benzoyl CoA, 60 ymoles of glycine, and 50 wmoles of tris(hydroxymeth- 
yl)aminomethane buffer of pH 8.0 in a final volume of 3 ml.; temperature, 25°. The 
dash line is an extrapolation of the rate observed during the first 15 seconds. 

Fic. 2. Inhibition of hippurate synthesis by hippurate or CoASH. Complete 
system as in Fig. 1, except for 0.15 umole of benzoyl CoA, 200 4 of glycine acylase, and 
the indicated concentrations of hippurate or CoASH. The velocity of the reaction 
in the presence of inhibitor (2;) is expressed as the change in optical density at 280 
my between the 15th and 60th seconds after addition of the enzyme. 


apparent that approximately 50 per cent inhibition occurs with either 5.8 
xX hippurate or 6.5 K 10-4 m CoASH. 

When both hippurate and CoASH are added to the system, the degree 
of inhibition is proportional to the product of their concentrations. Fig. 
3 depicts an experiment in which two concentrations of CoASH and vary- 
ing concentrations of hippuratce were examined. The data obtained sug- 
gest the reversible formation of an enzyme-inhibitor complex involving 1 


mole each of hippurate and CoASH. Within the limited ranges of inhib-— 


itor concentrations examined, the data may be described by the velocity 
equation of Haldane (3) (Equation 2) where v; = the observed velocity in 
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(2) = 1/K; X 1/V + 1/V 


the presence of inhibitor, V = the velocity in the absence of inhibitor, K; 
= the dissociation constant of enzyme-inhibitor complex, and 7 = the prod- 
uct of hippurate and CoASH concentrations.’ 

The K; derived from the observed slope in Fig. 3 is approximately 4.1 X 
10-8, when the inhibitor concentrations are expressed in moles per liter. 

Non-Competitive Nature of Inhibition--The degree of inhibition ob- 
tained with either hippurate or CoASH is not influenced by variations in 
the concentration of either benzoyl CoA or glycine. In Figs. 4 and 5, a 
graphic presentation of the data, plotted by the method of Lineweaver 


6 12 
PRODUCT OF INHIBITOR 
CONCENTRATIONS (i) 
Mxl08 
Fic. 3. Inhibition of hippurate synthesis by combined hippurate and CoASH. 

Conditions as in Fig. 1, except for 0.11 umole of benzoyl CoA, 200 y of glycine acylase, 
either 0.27 umole of CoA (@) or 0.54 umole of CoA (©), and the indicated amount of 
hippurate in a final volume of 3 ml. 


and Burk (4), clearly demonstrates the non-competitive nature of the in- 
hibition observed with hippurate. Similar results were obtained when 
CoASH was employed as the inhibitor. 

Specificity of Inhibition-—The extent to which molecular configuration 
underlies the inhibition by hippurate is summarized in Table I. At in- 
hibitor concentrations ranging from 5 X 10-4 to 1 & 10-* M, meta or para 
substitution of hippurate with either hydroxyl or amino groups alters, but 


$ Objection may be raised to the use of the product of the two inhibitor concen- 
trations in the term 7, for theoretically the complete absence of one inhibitor, regard- 
less of the concentration of the other, should result in no inhibition. However, this 
possibility cannot be explored experimentally, since all of the observations neces- 
sarily involve the formation of both products of the reaction. The equation does 
appear to describe the experimental data within the limited ranges of concentrations 
~ which can be examined. 
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does not abolish, the inhibition.4 However, replacement of the benzoyl] 
group by other acyl groups, or substitution of other amino acids for the 
glycine moiety of hippurate, does abolish the inhibition at these low con- 
centrations. 

When tested under the conditions described in Table I, neither reduced 
glutathione nor cysteine could replace CoASH as an inhibitor, nor did the 
addition of either of these —SH compounds alter the inhibition obtained 
with CoASH. It is of interest that the free —SH group of CoASH does 


400 400 
300F 300-4 
| 
> 
200+ 200+ 
- > 
© 25 100 25 50 75 100 
1/S xlO 1/S x107> 
(S=mol/L Benzoy! CoA) (S= mol /L Glycine) 
Fia. 4 Fia. 5 


Fig. 4. Demonstration that the inhibition of hippurate synthesis by hippurate is 
non-competitive with respect to benzoyl CoA. Conditions as in Fig. 1, except for 
the addition of either 7 X 10-5 hippurate (@) or 3 X 10-4 hippurate (O). The 
velocity of the reaction (V) is expressed as micromoles of hippurate formed per min- 


ute. 

Fia. 5. Demonstration that the inhibition of hippurate synthesis by hippurate is 
non-competitive with respect to glycine. Conditions as in Fig. 4, except for the ad- 
dition of either no hippurate (@) or 3 & 10-4 hippurate (O). 


not appear to be essential for the observed inhibition. Prior treatment of 
CoASH with sufficient iodoacetate to remove 96 per cent of the free —SH 
failed to influence the degree of inhibition; the equivalent amount of 
iodoacetate alone failed to exhibit any inhibitory effect. 

Cross-Inhibition Studies—Previous studies have shown that glycine N- 
acylase catalyzes the synthesis of a variety of aliphatic and aromatic 


4 The degree of inhibition obtained with hippurate is independent of the hydrogen 
ion concentration between pH 7.5 and 11.0. At pH 10.8, p-hydroxyhippurate and 
hippurate are approximately equally inhibitory, while at pH 7.6 p-hydroxyhippurate 
is 4 to 5 times as active as hippurate. The apparent pK,’ of the p-hydroxy group, 
as determined by titration with the glass electrode, is 8.81. At pH 8.8, p-hydroxy- 
hippurate is 2 to 2.5 times as active as hippurate. Therefore, it is apparent that 
inhibitory activity is enhanced by the presence of the undissociated p-hydroxy group. 


| = 


& 
= © 


Va 


| 
a 
\ 
r 
t 
| 
hi 
pl 
In 
re: 
ce 


D. SCHACHTER AND J. V. TAGGART 275 


acylglycines (1). Therefore, several representative products were exam- 
ined for inhibitor activity over a wider range of concentrations than those 
previously employed (see Table I) and in systems in which three different 
acy! CoA derivatives were used as the acyl donor (Table II). Hippurate 
was found to be the most effective inhibitor of the glycine acylase reaction, 
regardless of the acyl CoA used. The concentration of hippurate required 
to produce 50 per cent inhibition varied greatly with the different sub- 


TABLE I[ 
Specificity of Glycine Acylase Inhibition by Hippurate and Related Compounds 


Per cent inhibition of hippurate synthesis 


Compound tested at indicated concentration 


5X | 1X 103 


| 
p-Aminobenzoylsarcosine................... 
p-Aminophenaceturate................... 


ec oN 
— 


| 
| 


The complete system contained 100 y of glycine acylase, 0.11 umole of benzoyl 
CoA, 60 umoles of glycine, 50 wmoles of tris(hydroxymethyl)aminomethane buffer 
of pH 8.0, the indicated test compound, and water to a final volume of 1 ml. The 
liberation of CoASH was estimated after incubation at 25° for 2 minutes. 


strates, being lowest with acetyl CoA (2 K 107°) and highest with benzoyl 
CoA (6 & 10-4 mM). Within the series of aliphatic acylglycines, inhibitory 
activity was found to increase with increasing carbon chain length, acetu- 
rate being a relatively poor inhibitor as compared with butyrylglycine or 
valerylglycine. 

In other experiments, p-hydroxyhippurate, hippurate, and p-amino- 
hippurate were tested as inhibitors of aceturate, valerylglycine, and hip- 
purate synthesis (Table III). The relative concentrations of the three 
inhibitors required for 50 per cent inhibition remained constant (7.e. 1:5:26, 
respectively), regardless of the acyl CoA used, although the absolute con- 
centrations varied over a 20-fold range. These findings, together with the 
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physical criteria reported previously (1), provide additional support to the 
view that the glycine N-acylase is a single enzyme. 


TaBLe IT 
Cross-Inhibition Studies with Various Acylglycines and Acyl CoA Compounds 


Acylglycine concentration required for 50 per cent inhibition 
Acyl CoA added 


Aceturate Butyrylglycine Valerylglycine Hippurate 
M M 
0.05 | 0.013 0.009 0. 00002 


Conditions as in Table I, except for either 0.1 wymole of acetyl! CoA or 0.06 umole 
of valeryl CoA or benzoyl CoA in a final volume of I ml. Varying concentrations of 
the indicated acylglycines were tested, and the concentrations required for 50 per 
cent inhibition are reported. 

* 15 to 20 per cent inhibition at 0.05 M. 

t 2 to 6 per cent inhibition at 0.05 m. 


III 
Comparison of Inhibitory Activities of p-Hydroxyhippurate (POH), Hippurate (HM), 
and p-Aminohippurate (PAH) with Various Acyl CoA Compounds As Substrate 


Concentration required for 50 per cent inhibition 
Acyl CoA added 


POH H PAH 

ux lu’ ux lu ux 
| 0.04 (1) 0.21 (5.3) 1.1 (27) 
0.21 (1) 1.0 (4.8) | 5.2 (25) 
| 0.80 (1) 4.1 (5.1) 21.0 (26) 


Conditions as in Table 1, except for either 0.24 umole of acetyl CoA or 0.06 umole 
of valeryl CoA or benzoyl CoA. The figures in parentheses are the ratios of the con- 
centrations required for 50 per cent inhibition relative to those of p-hydroxyhip- 
purate. 


SUMMARY 


Product inhibition is a phenomenon which has been described for a 
variety of exergonic reactions, notable recent examples being the inhibition 
of mammalian hexokinase by both glucose-6-phosphate (5, 6) and adeno- 
sinediphosphate (7) and the inhibition of glutathione synthesis by adeno- 
sinediphosphate (8). In connection with reactions more closely related to 
that catalyzed by glycine N-acylase, it is of interest that Tabor, Mehler, 
and Stadtman (9) have reported that the enzymatic acetylation of foreign 
amines is inhibited by CoASH, a product of the reaction. 
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The free energy of hydrolysis of the peptidic bond of hippurate has been 
calculated by Borsook and Dubnoff (10) to be 3170 calories. If it is 
assumed that the thio ester bond of benzoyl CoA has a free energy of 10,000 
to 12,000 calories, as is the case with other acyl CoA compounds (11-13), 
the AF of the glycine acylase reaction should be approximately — 8000 
calories. Thus it appears probable that the results reported here are 
attributable to a direct inhibition of the enzyme by products of the reac- 
tion, rather than to a significant shift of the equilibrium position of the 
reaction away from hippurate synthesis. 

Since the degree of glycine acylase inhibition obtained with hippurate 
varies greatly, depending upon the particular acyl CoA used as substrate, 
it might be anticipated that the substrates and product inhibitors compete 
for attachment on common active sites of the enzyme. Therefore, the 
finding that the inhibition by acylglycine or CoASH appears to be non- 
competitive with respect to either substrate is somewhat surprising. How- 
ever, the limitations of the conventional experimental methods for dif- 
ferentiating competitive versus non-competitive inhibition, and the failure 
of many enzyme systems to conform strictly to one or the other, have been 
emphasized by other investigators (14-16). 

The principal technical difficulty in the present studies stems from the 
limited range of CoASH concentrations which can be examined when 
either the spectrophotometric method or the liberation of —-SH groups is 
utilized in assaying the activity of the enzyme. Consequently, we believe 
that the data obtained do not warrant any rigorous quantitative interpreta- 
tion. However, it would seem apparent from the A; derived from the 
data that the fall in rate observed with time cannot be accounted for solely 
on the basis of product inhibition. It has been the purpose of the present 
communication to call attention to the phenomenon of product inhibition 
in the glycine acylase reaction, even though its quantitative importance in 
the kinetics of the reaction cannot be appraised fully at the present time. 
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MECHANISM OF HYDROLYSIS OF ADENOSINETRIPHOS- 
PHATE CATALYZED BY PURIFIED MUSCLE PROTEINS* 


By D. E. KOSHLAND, Jr., ZELDA BUDENSTEIN, anp ARTHUR KOWALSKY 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, June 4, 1954) 


At the present time, the source of energy in muscular contraction and the 
proteins which undergo the contraction are fairly well known (2). The 
detailed mechanism of contraction, ¢7.e. the manner in which the chemical 
energy in the adenosinetriphosphate (ATP) molecule is converted into the 
linear changes in the protein molecule, is still obscure. As a step in the 
elucidation of this interaction, the hydrolysis of ATP catalyzed by puri- 
fied rabbit muscle actomyosin has been studied with the aid of isotopic 
tracers. 

The hydrolysis of ATP to adenosinediphosphate (ADP) and inorganic 
phosphate (P;) has the stoichiometry of a substitution reaction; 7.e., BX + 
Y— BY + X. This type of reaction probably occurs through a dis- 
placement mechanism in which the nucleophilic reagent, Y, makes an 
attack on group B (3). The first fact to be determined, therefore, was the 
point of hydrolytic cleavage. This was done by performing the reaction 
in H.O'. Such an experiment would decide (a) whether the ADP or the 
phosphate moiety was the B group of the substitution reaction and (b) 
whether the purified protein gave the same cleavage point as intact lobster 
muscle slices (4). Having identified the B part of the molecule, we per- 
formed exchange experiments with O'%-labeled H,O, P®-labeled ADP, and 
P®-labeled phosphate to establish the existence of a B-enzyme intermediate 
or at least establish the kinetic limits on the lifetime of such an intermediate. 


EXPERIMENTAL 


Material and Analyses—Actomyosin was separated from rabbit muscle 
following the procedure of Szent-Gyérgyi (5) and then redissolved and 
reprecipitated five to seven times to remove traces of myokinase. Myosin 
was prepared by a modification of the procedures (6) of Mommaerts and 
Parrish and Portzehl, Schramm, and Weber and was also redissolved and 
reprecipitated until no detectable amount of myokinase activity was pres- 
ent. Myokinase activity was assayed by the deaminase method (7) or by 
measuring the decrease in labile phosphate on reaction with hexokinase 
and glucose. 


* A preliminary account of this work has been published (1). Research carried 
out at Brookhaven National Laboratory under the auspices of the United States 
Atomie Energy Commission. 
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The ATP (sodium salt) was obtained commercially (Schwarz Labora- 
tories, Inc.) and was assayed chromatographically. A typical analysis 
was 1.66 moles of ATP, 0.15 mole of ADP, and 0.06 mole of P; per mg. of 
material. Inorganic phosphate analyses were performed by the procedure 
of Fiske and Subbarow (8) or by the isobutanol extraction method (4). 

Adenosinediphosphate labeled with P® was obtained by incubating ad- 
enylic acid, P®-labeled inorganic phosphate, and a-ketoglutarate with a 
suspension of rat liver mitochondria according to a procedure kindly sup- 
plied by Dr. 8S. Kaufman and Dr. 8. Ochoa. The labeled ADP was sepa- 
rated chromatographically and rechromatographed until it contained less 
than 0.01 per cent ATP®. 


“0.003N-——— O.OIN HCI —=+-O.1N 
Kw 
Zs 
os 
<q ADP A 


100 200 300 400 
ELUTRIANT VOLUME (mi) 


Fic. 1. Elution of ADP and ATP from Dowex 1 column 


The H,.O" was obtained from the Stuart Oxygen Company and had an 
atom per cent excess of about 1.4. The O' content of the phosphate 
samples was obtained by a slight modification of the procedure of Cohn (9). 

The chromatographic procedure of Cohn and Carter (10) was modified 
to facilitate the rechromatographing of the adenosinephosphates. The 
ADP elution was performed with 0.01 m HCl and the ATP elution with 
0.1m HCl. This decreased the total salt concentration and also increased 
the volume necessary to obtain elution. Satisfactory separations were 
obtained as shown by a typical curve in Fig. 1. 

Hydrolysis of ATP in HO in Presence of KH2P”’Og—A solution of 
H.O'§ (90 ml.) was prepared containing 0.10 m KCl, 0.0022 m CaCh, 
0.033 mM tris(hydroxymethyl)aminomethane buffer, essentially carrier-free 
KH.2P”O,, and 400 mg. of solid sodium ATP. After adding 10 ml. of the 
purified actomyosin solution in 0.1 mM KCI, and adjusting the pH to 9.0, the 
solution was kept at 19° for approximately | hour. A second addition of 
enzyme was made and the solution was kept at 19° for another hour until 
about 80 per cent of the ATP had been hydrolyzed. Alkali was added 
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during the reaction to keep the pH at about 9.0. Trichloroacetic acid was 
added to stop the enzyme action and the protein was removed by centrifu- 
gation. The phosphate compounds were then precipitated as the barium 
salts and dissolved in HC], the barium was removed, and the anions were 
separated chromatographically. Aliquots for determination of the O' 
content of the medium were removed just after addition of the first enzyme 
solution and just before addition of the trichloroacetic acid solution. Ali- 
quots for P; and for P® were taken after addition of the trichloroacetic acid 
and after addition of the enzyme solution, respectively. 

The labile phosphate in the ADP and ATP fractions was obtained by 
hydrolysis in hydrochloric acid, and then by adding a known amount of 
carrier KH»PO,, precipitating the phosphorus as barium phosphate, and 
analyzing the solution of the precipitate as described above. Control 
experiments showed that no exchange of oxygen between the medium and 
the inorganic phosphate occurred during the acid hydrolysis. 

Another run was performed in a similar manner, except that the nucleo- 
tides were separated on charcoal according to the procedure of Crane and 
Lipmann (11). 

Exchange of Oxygen between KH2PO, and H,O*%—5 ml. of the myosin (or 
in some cases actomyosin) solution were added to 45 ml. of an H.O"* solu- 
tion containing salts in such amounts that the final concentrations were 
0.1 a KCI, 0.002 Mm CaCl, and 0.02 m KH.PO,. The pH was adjusted to 
8.8 with solid potassium hydroxide and the mixture was kept at 20° for 
275 hours. The protein was removed by centrifugation and the phosphate 
Was precipitated as barium phosphate. The barium phosphate was con- 
verted to KH.PO, and analyzed for O as described above. 

Exchange of P®-Labeled ADP with ATP—To 7.0 ml. of a solution con- 
taining 0.32 umole of purified ADP® were added 9.3 mg. of sodium ATP, 
44 mg. of KCI, 11 mg. of glycine, 0.75 ml. of 0.09 m CaCl, and solid KOH 
toadjust the pH to9.0. After addition of the myosin solution and dilution 
to 15 ml., the mixture was incubated at 20° for 20 minutes. The reaction 
was stopped by immersing the vessel in boiling water for 90 seconds and 
then cooling it rapidly in ice water. After removal of an aliquot for analy- 
sis of inorganic phosphate, the denatured myosin was removed by filtration 
through glass wool. The solution was then diluted to 100 ml. and made 
0.5m with respect to NH,OH, an aliquot was removed for counting the P® 
activity, and the solution was added to the ion exchange column. 

After separation of the fractions, the central portions of the ATP frac- 
tion were combined and diluted to 100 ml., made 0.5 m with respect to 
NH,OH, and rechromatographed either with or without addition of inactive 
ATP and ADP carriers. 

The control runs were similarly performed on the same ADP® and 
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enzyme preparations. The only difference was that the enzyme in the 
control had been inactivated by heating for 1.75 hours at 38° at pH 9 w 


before addition to the substrate solution. di 
Results h 
in 


The results of the experiment with O'§ to determine the cleavage point 
are summarized in Table I. The inorganic phosphate produced contained 
an atom per cent excess equal to one-quarter that of the medium. This 
is Clearly consistent with cleavage between the terminal phosphorus atom 


TABLE I 
O'8 Content of Compounds Isolated after Partial Hydrolysis of ATP in H,O"* Catalyzed 


by Actomyosin C 
Conditions, 20°, 0.1 Mm KCI, 0.002 m CaCle, 0.03 m tris(hydroxymethy])amino- A 
methane, pH 9. c 
| _ Atom per cent excess O' per atom of oxygen r 
Experiment No. | Separation method 
| | ADP | ATP ti 
1 | 80 | 1.36 | 0.33 0.005 0.00 | Dowex column , 
37 | 1.24 0.34 0.008 | Charcoal batch a 
aTP™*+ H,0'°—= P-O- —= 
tl 
18 

H a 

and its bridge oxygen (Equation 1). The single O'8 atom from the medium 
introduced into the inorganic phosphate is diluted isotopically by the other . 
unlabeled oxygens because of the symmetrical nature of the oxygens in the 9 
free phosphate. The deviations from the precise theoretical value are in t 
accord with the experimental error observed by Cohn (9) and in our own P 
laboratory and do not indicate any alternative pathway of hydrolysis. . 

This result is further confirmed by the failure to observe any ©'* in the 

ADP produced. The very small positive values observed are within the 
experimental error of the method and most probably represent small or- fe 
ganic impurities which follow through to the final phosphate in spite of 0 
the purification steps. It should be emphasized that the quantities ob- ‘. 
served are 2 to 4 per cent of the natural abundance of O'. <A trace of s 
organic impurity which splits in the mass spectrometer to give a fragment e 


of mass 46 can easily give a false positive value of this order of magnitude. . 
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The O08 content of the unhydrolyzed ATP was examined to determine 
whether a stable free addition intermediate (12) of the type (1) is formed 
during the hydrolysis. No significant amount of O" was found in the un- 
hydrolyzed ester, the small positive values undoubtedly again represent- 
ing traces of organic impurities. 


o 0 
H 


It is noted that the results obtained by the charcoal elution method of 
Crane and Lipmann, in which all labile phosphate groups of both ATP and 
ADP are analyzed together, confirm those obtained by the Dowex 1 
chromatographic separation. 

In Table II are summarized the results of experiments with P® in which 
the exchange of KH.P”O, with ATP was studied. The amount of P® ac- 
tivity in the ATP was essentially similar and extremely low in both the 
experiment with active enzyme and the control run in which no enzyme was 
added. The small amount, therefore, probably represents the limit of 
chromatographic separation. 

In Table III are summarized the results of the exchange of oxygen be- 
tween KH»PO, and H.O. Both myosin and actomyosin were used and 
neither showed an appreciable amount of exchange. These results are in 
harmony with the observed agreement with theory for the O'* content of 
the inorganic phosphate produced in the hydrolysis, since any extensive 
exchange reaction would have increased this value markedly. These data 
are, therefore, in marked contrast to those obtained with intact lobster 
muscle slices (4). 

The results of the study of the exchange of ADP® with ATP during the 
myosin-catalyzed hydrolysis are shown in Table IV. Similar data were 
obtained with actomyosin. The amount of activity in the ATP was found 
to be essentially the same in both the control experiments and those with 
active enzyme. The activity in the ATP was not caused by myokinase, 
since the enzyme preparation at a concentration 50 times that used in the 
exchange experiments showed no detectable myokinase action. It was 
also not caused by ATP® present as an impurity in the original ADP®, 
for chromatographic analysis of the ADP® preparation showed less than 
0.01 per cent ATP®. Nor was it caused by some ADP® impurity carried 
into the ATP® fraction on the column during separation after the exchange 
experiment, since rechromatographing of the ATP fractions on which the 
calculation was based showed less than a 10 per cent decrease in specific 
activity. 
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The probable cause of this activity in the ATP fraction is the inosine- 
triphosphate-adenosinediphosphate transphosphorylase of Berg and Jok- 


TABLE II 
P® Content of Compounds Isolated after Partial Hydrolysis of ATP Catalyzed by 
Actomyosin in Presence of KH2P®?0O, 


Conditions, 20°, 0.1 KCI, 0.002 Mm CaCls, 0.03 m tris(hydroxymethyl)amino- 
methane, pH 9. 


| , Per cent of P™ 
Per cent Total counts KHeP®O,; 
Experiment | hydrolysis added, c.p.m. 
80 | 4.4 108 0.010 
Control | 3.4 10° 0.015 
TaBLe III 


O'8 Content of KH2PO, after Incubation with Myosin and Actomyosin in HO" 
Conditions, 20°, 2? hours, 0.1 m KCI, 0.002 Mm CaCl». 


| O'8 atom per cent excess of 


| ATP hydrolyzed 
Enzyme | pH ne in 1 hr. by same 
Medium KHePO, 
pmoles 
Actomyosin.......... 8.8 1.31 0.004 228 
Myosin...... 9.1 | 1.03 0.006 SO) 


0.003 


TABLE IV 
P® Content of ATP Fractions after Partial Hydrolysis of ATP Catalyzed by Myosin 
in Presence of ADP® 
Conditions, 20°, 0.1 mM KCI, 0.004 Mm CaCl», 0.01 mM glycine, 20 minutes at pH 9. 


Experiment State of enzyme Total added | | total Pe? ac. 
of ATP tivity in ATP 
c.p.m 
1 Active 427 ,000 50 1.51 
Control Inactive* 2,120,000 | 1.27 
2 Active | 680 ,000 65 1.34 
Control | Inactive* | 834 ,000 | 1.38 


*Same amount of enzyme added in control run as in experiment immediately 
preceding it, but the enzyme had been 98 per cent inactivated by heating for 2 hours 
at 38° at pH 9. 


lik (13). This enzyme has been shown to be present in rabbit muscle 
preparations, to have specificity requirements which allow uridine. tri- 
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phosphate and inosinetriphosphate as substrates, and to be not inactivated 
under the mild conditions used to deactivate the myosin. It seems very 
likely, therefore, that it would catalyze the reaction of ADP® with ATP 
to give ATP® and ADP. 

Whatever the source of the 1.3 per cent P® activity in the ATP, it is 
clear that it is not myosin. The actual limit of the activity in the ATP 
which could have been caused by it must be less than 0.1 per cent. 


DISCUSSION 
The experiments with O'8 show that actomyosin catalyzes cleavage be- 
tween the terminal phosphorus atom and its oxygen, and it seems rea- 
sonable to assume that this occurs via a displacement on the terminal 
phosphorus atom. Displacement mechanisms have been or can be used 


successfully to explain the available facts in a number of enzyme systems, 
eg. the action of inhibitors (14), stereochemistry (15, 16), correlation of 


LLL/ 
H,O...... P+. 


Fig. 2. A single displacement mechanism in which water makes a direct primary 
attack on the ATP. 


specificity and bond cleavage (17), the failure of medium O" to enter the 
kinase mechanisms (9), and the similarity of the hydrolases and transfer- 
ases (3). The present study adds further evidence, since the theoretical 
amount of O'* in the phosphate and the absence of O' from the ADP show 
that only one bond is broken in the ATP molecule as would be required 
by a displacement mechanism. 

Assuming that the enzyme action occurs by a displacement, two alterna- 
tives must be considered: (a) a single displacement mechanism (16) in 
which water makes a direct primary attack on the ATP (Fig. 2) or (b) a 
double displacement mechanism (16) in which the primary attack is made 
by the enzyme to form a phosphorylated enzyme intermediate (Equations 
2 and 3). 


ky 
+ + + H* (2) 
= 
ky 
EPO;- + H.0 EH + HOPO;" (3) 
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It is clear that the single displacement mechanism of the Walden in- 
version type is compatible with all of the evidence presented here. No 
exchange of HO", ADP®, or KH,P”O,4 would be expected, nor would any 
0'8 be presented in the unhydrolyzed ATP. No covalent bond is formed 
with the enzyme as a result of the bond cleavage in this mechanism; the 
enzyme acts entirely as a catalyst providing acidic and basic groups steri- 
cally arranged to give efficient catalysis. Thus, if this is indeed the mech- 
anism and the same mechanism is involved in the muscular contraction, 
the energy is transferred from ATP to enzyme without the intervention of 
covalent phosphoryl bonds. 

The double displacement mechanism is also consistent with the data, but 
only if certain limitations on the rates of the various steps are imposed. 
Thus no rapid reversible formation of a stable phosphorylated intermediate 
is possible or exchange with ADP® would have been observed. More- 
over, the failure to observe exchange with ADP® cannot be ascribed to a 
“low energy” character of the phosphorylated intermediate, since, if this 
were so, exchange of HO’ with KH.PO, would have been measurable. If 
this mechanism holds, kz (HeO) must be much greater than k_,; (ADP); 
z.e., the phosphorylated enzyme intermediate is immediately hydrolyzed 
and is of a transient nature. 

The implications of the present findings in relation to muscular contrac- 
tion depend in large part on how closely the purified proteins resemble the 
intact muscle. The extensive literature on the subject indicates many 
similarities and some notable differences (2). The present work estab- 
lishes the similarity in the position of P-O cleavage between the purified 
actomyosin and the intact lobster muscle slices. The transient nature of 
the intermediate in the hydrolysis by the purified proteins is consistent 
with two major alternatives: (1) the intermediate between ATP and the 
muscle protein during contraction is likewise transient and (2) the ATPase 
action of the purified enzyme is fundamentally different from that of the 
intact fiber. Until further work has been completed, it appears unprofit- 
able to speculate at length on the consequences of these alternatives, but 
they bear directly on the efficiency and process of energy transfer and the 
validity of extrapolations from purified protein to the intact system. 


SUMMARY 


1. Adenosinetriphosphate was partially hydrolyzed in H.O"* in the pres- 
ence of purified rabbit muscle actomyosin. 1 atom of oxygen was intro- 
duced into each molecule of phosphate produced and no detectable O* 
was found in either the ADP or unhydrolyzed ATP. 

2. No exchange of with ATP, of H.O™ with KH»,PO,, 
with ATP, or ADP® with ATP was observed to be catalyzed by the muscle 
protein. 
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3. The results are consistent with a displacement mechanism in which 
nucleophilic attack occurs on the terminal phosphorus atom and in which 
only a transient intermediate is formed. The implications for muscle 
action are discussed. 


Addendum—J. Gergely and W. P. Jencks have kindly informed the authors that 
in similar experiments with actomyosin under conditions which either activate or 
inhibit the ATPase action no exchange of ADP*® and ATP was observed. 
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COMBINATION OF INSULIN WITH CELLS* 


By NIELS HAUGAARD, ELLA 8S. HAUGAARD,f ann WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, May 11, 1954) 


A phenomenon assumed to represent combination of insulin with tissue 
has been reported previously (1-3) by the present authors, using isolated 
rat muscle (diaphragm), lactating mammary gland, and adipose tissue. 

It was found that after a short exposure insulin appeared to combine with 
these tissues and could not be removed by prolonged washing. The com- 
bined insulin exerted its characteristic effect on the metabolism of the re- 
spective tissues and in addition was affected by pituitary and adrenal 
hormones. Subsequently, by using isotopically labeled insulin (4), the 
combined insulin was measured, and quantitative relations both in vitro 
and in vivo between the amount combined and its biological activity were 
established. Results with insulin tagged with S* or I'*! were essentially 
identical. The experiments reported here were designed to study the 
phenomenon with whole cells present in suspension, particularly with re- 
spect to the effect of the type of cell on the phenomenon. For comparison 
with the labeled insulin, isotopically labeled serum albumin was also used. 


Methods 


Methods of preparation and measurements of the radioactive iodinated 
and sulfated insulin used in these experiments have been described pre- 
viously. 

Radioactive iodinated human albumin was obtained from the Abbott 
Laboratories, North Chicago. 


Cell Preparations 


Red cells were obtained from heparinized human blood. After centrif- 
ugation the buffy coat was removed to exclude the white cells. For use the 
red cells were washed several times with normal saline. White cells were 
obtained from rabbits and rats by producing a sterile peritoneal inflam- 
mation by injection of normal saline and removing the peritoneal fluid 
15 to 18 hours later. The cells were washed with normal saline, and 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 

+t Postdoctoral Fellow of the American Cancer Society upon recommendation of 
the Committee on Growth of the National Research Council. 
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total and differential counts were made. The experiments were carried 
out as soon as possible after preparation of the cells. Microscopic exami- 
nation of the washed leucocytes showed that the cells were not clumped and 
appeared undamaged. 


Results 
Combination of Insulin with Red Cells and Leucocytes 


Radioactive insulin was added to a suspension of washed cells. After 
a period of time, usually 5 minutes, the cells were centrifuged and the super- 


HUMAN REO CELLS 


RABBIT LEUCOCYTES 
UGM INSULIN/IO'° CELLS 


UGM INSULIN/ 10'° CELLS 


200} 4 
\ 
\. LEUCOCYTES 
, 10.10 
“RED CELLS 10.05 
24 6 6 10 12 


NO. OF WASHINGS 


Fig. 1. Combination of insulin with cells. The data show the amounts of insulin 
labeled with S* or I'3! combined with cells as calculated from the determined radio- 
activity. The curves are drawn to indicate that essentially constant amounts of 
insulin remained combined after a few washings with normal saline. 


natant fluid discarded. The cells were resuspended in the original volume 
of normal saline, care being taken to break up any clumped cells, and re- 
centrifuged. This process was repeated up to thirteen times. At various 
stages aliquots of the cell suspension were removed for determination of 
radioactivity. The volume of the suspensions was adjusted so that the 
concentration of cells remained constant. 

The type of results obtained is illustrated in Fig. 1. After a certain 
number of washings, very little if any insulin is removed on further wash- 
ing. This is taken to mean that insulin has combined with the suspended 
whole cells. Unexpectedly it was found that the amount of insulin com- 
bining with the red cell was very small, but that white cells had the ability 
to combine with insulin to an extraordinary degree. More insulin com- 
bined with this tissue than with any other type of tissue studied. 
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In all other similar experiments with whole cells, washing curves similar 
to those illustrated above were obtained. Longer exposure of the cells to 
insulin gave results which, essentially, are no different from those obtained 
after 5 minutes. 

The red cell has a very limited ability to combine with insulin. Although 
care was taken to remove the buffy coat, it is possible that some white cells 


TABLE I 
Combination of Labeled Insulin with Cells in Vitro 
Washed cells suspended in saline containing insulin at a concentration of 3.4 
per ml.; 5 minutes equilibration at room temperature. Combined insulin deter- 
mined after six or more washings. 


: Concentration | Approxi- 
Type of cell ‘ment’ | ‘Type of insulin | bound mate micro 
Human erythrocytes 1 Sulfated 0.02 0.02 
2 Iodinated 0.02 
Stroma of human erythrocytes 3 Sulfated 0.5 
Rabbit leucocytes 1 = 120 20 
Rat leucocytes 1 - 14 
4 Iodinated 100 
Rabbit thymus cells 1 Sulfated 8 
‘¢ bone marrow cells 2 ” 57 
Mouse sperm 1 " 5 
Yeast cells 1 - 0.4 
Rat diaphragm : 0.4 


* Weight of cell calculated assuming a spherical shape, density = 1, and diameters 
of 8 and 10 uw for red cells and leucocytes respectively. 
t 0.34 y of insulin per ml. 


may have been present in the preparations used and account for part of 
the combined insulin. 

At the end of several experiments red or white cells which had combined 
with insulin were suspended in water for 18 hours in order to lyze the cells. 
The cell fragments or stroma thus obtained were washed three times with 
50 ml. of water, and the radioactivity of the particulate matter was de- 
termined. In all cases the radioactivity of the cell fragments accounted for 
more than 75 per cent of the insulin which had been found to combine with 
the cell. Apparently the insulin is firmly combined with cellular structures 
and not present in simple solution inside the cell. 
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In Table I we have recorded experiments with a number of different 
types of cells. The values are the constant amounts of combined insulin 
found after a sufficient number of washings (six or more). 

With the red cell similar results were obtained with sulfated and iodi- 
nated insulin. Our previous experience (1, 2) showed that these two 
preparations behave identically with respect to the phenomenon of insulin 
combination. All evidence available also indicates that these labeled de- 
rivatives of insulin have biological activities not demonstrably different 
from those of unlabeled insulin. Since we have shown (Fig. 1) that most 
of the combined insulin of red cells is present in the stroma, it was of in- 
terest to separate the stroma first and then expose the cells to insulin. In 
this case, the ghosts obtained after lyzing the cells combined with more 
insulin than when present in the intact cell, but the insulin was still much 
less than that combined by leucocytes. The reason for this difference of 
behavior of the stroma under these two conditions is not obvious, but the 
stroma surface in the lyzed cells may be more easily accessible to insulin 
than in the intact cell. 

All of the experiments carried out with leucocytes demonstrate the strong 
affinity this tissue has for insulin. Rat and rabbit leucocytes appear to 
combine insulin to about the same extent, and values of the same magnitude 
were obtained for sulfated and iodinated insulin. The two experiments 
with rabbit leucocytes were carried out with a concentration of insulin of 
0.1 unit (3.4 y) and 0.01 unit (0.34 y) per ml. Much less insulin combines 
at the lower concentration. The amounts of insulin combined by the cells 
vary considerably from one cell preparation to another. This may partly 
be a reflection of the different proportions of the several types of cells 
present in the preparations. The relative distribution of the different 
types of cells was determined in four of the samples of rat leucocytes. 
Lymphocytes were found to be most abundant and constituted from 40 to 
75 per cent of the total number of cells. The remainder consisted of poly- 
morphonucleocytes and eosinophils. No significant correlation was ob- 
served between the ability of the cell preparations to combine with insulin 
and the types of cell present. The experiments, therefore, do not give any 
information about possible differences in the ability of the various types of 
leucocytes to combine with insulin. The concentration of white cells was 
of the order of 107 cells per ml.; when the final concentration of com- 
bined insulin was 100 y per 10'° cells, the insulin taken up by the cells cor- 
responded to 0.1 y per ml., or about 3 per cent of the insulin present. 

Other cell preparations shown to combine with insulin were cells obtained 
from rabbit thymus and bone marrow. Mouse sperm took up insulin from 
solution to a much smaller extent than did leucocytes. More insulin com- 
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bined with the yeast cell than with the erythrocyte, but, compared to the 
white cell, yeast had a very small affinity for insulin. 


Combination of Insulin with Leucocytes in Vivo 


The white cells used in these experiments necessarily undergo some dam- 
age during the preparation of suspensions. In order to study the ability 
of the white cell to combine with insulin in the animal the following ex- 
periment was carried out: Two rats which had previously been injected 
intraperitoneally with two portions of saline 14 and 23 hours earlier were 
injected intraperitoneally with 3 units of insulin (100 y). The rats were 
killed 10 and 30 minutes later, and the white cells were immediately 
washed. The concentration of insulin in the peritoneal fluid free of cells 
was found to be 4.7 y per ml. in both experiments. The combined insulin 
was constant after four washings and amounted to 20 and 56 y of insulin 
per cells. 

The amount of insulin combined with the cells in these experiments is 
of the same order of magnitude as that found in the in vitro experiments. 
This supports the belief that the extraordinary ability of white cells to 
combine with insulin is a property of the intact cell and not an artifact 
produced by damage to the cells when removed from the animals. 

The remarkable dissimilarity of the two types of cell is well illustrated 
by the column in Table I giving the approximate concentrations of com- 
bined insulin in micrograms per gm. Under identical conditions of ex- 
posure to insulin, the leucocyte combines with large amounts, while almost 
no insulin combines with the red cell. The amount of insulin combining 
with the diaphragm (1) under the same conditions of exposure to insulin 
has been included for comparison. Although a strict comparison cannot 
be made between the experiments with whole cells and tissue slices, it 
would appear that muscle tissue is intermediate between the erythrocyte 
and the leucocyte in its ability to combine with insulin. 


Experiments with Iodinated Albumin 


Experiments similar to those with isotopic insulin were carried out with 
iodinated human albumin. Red and white cells were equilibrated for 5 
minutes in a solution containing 3.2 y of albumin per ml. (equivalent in 
weight to 0.1 unit of insulin). The cells were washed ten times and samples 
taken for analysis at different stages of the washing procedure. Washing 
curves similar to those found with insulin were obtained. Albumin, there- 
fore, also combines with cells. The amounts of albumin combining were, 
however, considerably smaller: for human red cells 0.007 y per 10!° cells 
and for rat leucocytes 7 y per 10'° cells. The ability of these cells to com- 
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bine with proteins is therefore not limited to insulin. It is interesting that 
with albumin, as with insulin, the amount of protein combining with the 
leucocyte is of the order of 1000 times that combining with the red cell. 


DISCUSSION 


These experiments on the combination of insulin by whole cells suspended 
in medium add new significance to our previous studies of the phenomenon 
with rat muscle, adipose tissue, and lactating mammary gland. The fact 
that the cell surface is completely exposed to the suspending medium dimin- 
ishes if it does not eliminate the possibility that insulin is simply in solution 
adjacent to the cell surface and resists removal by the washing medium. 
Furthermore, there are no “intracellular spaces” from which insulin in 
solution can only be removed with difficulty. These considerations and the 
findings, after lyzing both red and white cells, that practically all of the 
insulin is associated with the stroma separated from the soluble cell con- 
stituents by centrifugation indicate that the insulin is combined with the 
cell structure rather than being in simple solution within the protoplasm 
of the cell. Insulin is not unique among proteins in its ability to combine 
with cells. Our experiments with iodinated albumin show that this pro- 
tein also combines. Furthermore, the extent of combination varies not 
only with the nature of the protein but also with the type of cell. 

The inability of the red cell to combine appreciably with insulin is con- 
sistent with our previously reported finding that the insulin of the blood 
following injection into rats or dogs is almost exclusively in the plasma. 
This relative failure of the red cell to combine with insulin or human serum 
albumin is consistent with the conclusions of Monaghan and White (3) 
who found, in experiments on the electrophoretic mobility, that the red cell 
did not absorb protein even from concentrated solutions. 

The significance of the combining phenomenon in the physiology of in- 
sulin remains obscure. Our own previously reported experiments are com- 
patible with the following conclusions: (1) that insulin is combined with 
cell structures; (2) that the combination depends on the insulin concentra- 
tion and tends to a maximal value; (3) that the extent of this combination 
varies with the type of cell; (4) that the combined insulin exerts its custom- 
ary hormonal effects upon metabolic reactions; and (5) that it in turn is in- 
fluenced by other hormones. These conclusions are in complete harmony 
with those of Lee and Williams who reported experiments on the combining 
of insulin with various types of tissue preparations (5). 

Since the molecular mechanisms by which enzymes bring about ca- 
talysis of metabolic reactions is essentially unknown, it is obvious that the 
problem of hormonal-enzyme interaction must remain speculative. The 
Michaelis-Menten concept that substrates combine with enzymes has been 
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placed upon a firm experimental basis, and the possibility that insulin or 
other hormones engage in a similar “organizational” relationship with 
cellular enzyme patterns, and thus influence substrate-enzyme interaction, 
jis an attractive hypothesis difficult of experimental testing. Such a hy- 
pothesis would postulate combination as a requirement for hormonal action. 
Whether combining is essential for physiological action of insulin is also 
unknown. It is interesting, in this regard, to note that brain, whose me- 
tabolism is stated to be uninfluenced by insulin or its lack, unlike other 
organs does not combine with significant amounts of labeled insulin in- 
jected parenterally (2). 


SUMMARY 


1. Animal cells of various types were studied with respect to their abil- 
ity to combine with insulin by use of a radioactive insulin preparation for 
the purpose of quantitative determination. For comparison radioactive 
serum albumin was also employed. 

2. Rabbit leucocytes compared to other tissues combined with very 
large amounts of insulin; v7z., 120 y per 10'° cells compared to the value of 
7 y observed with iodinated serum albumin. The combined insulin of rat 
muscle (diaphragm) under similar conditions was approximately one-fifti- 
eth the value for leucocytes. 

3. Red cells combined about 1/1000th of the amount combined by 
leucocytes. The combined insulin was present mainly in the stroma. 

4. Other cells were also studied for insulin-combining properties, and 
the significance of the observations with respect to the problem of insulin 
action is discussed. 
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UTILIZATION OF VALINE IN THE BIOSYNTHESIS OF 
PENICILLINS* 


By CARL M. STEVENS, PRAN VOHRA, ann CHESTER W. De LONG 


(From the Fulmer Chemical Laboratory, State College of Washington, Pullman, 
Washington) 


(Received for publication, June 14, 1954) 


There is now convincing evidence, in the biosynthesis of the penicillins 
(I) by certain strains of Penicillium chrysogenum, that the acyl group (A) 
can be derived from a variety of corresponding acids (1) and that L-cystine 
) may serve as the precursor of another portion (B) of the molecule (2, 3). 
It is apparent that the remaining fragment (C) consists of a valine skeleton. 
In fact, Arnstein and Grant (2) have reported that addition to the culture 
medium of valine labeled in the methyl groups with C™ leads to a consid- 
erable incorporation of labeled carbon into benzylpenicillin and that the 
radioactivity is confined to the penicillamine portion of the molecule. 

In the present study, the utilization of valine for penicillin biosynthesis 
was studied with valine labeled in the carboxyl group, and the exact loca- 
tion of the labeled carbon in the isolated penicillin was determined. 


EXPERIMENTAL 


The strain of P. chrysogenum and the general procedures for mold culture, 
penicillin assay, etc., were those employed in previous studies (3). In all 
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experiments, the media contained an amount of L-cystine equivalent to 
21.8 mg. of S per 100 ml. 

The carboxyl-labeled valine was obtained from the Isotopes Specialties 
Company, Inc., Glendale, California, and was added at a level of 66.7 mg. 
of pi-valine per 100 ml. of medium. Preliminary experiments demon- 
strated that this level of pL-valine did not decrease penicillin production 
appreciably, while higher levels were markedly inhibitory. 

During the fermentations, the carbon dioxide produced was collected and 
precipitated as barium carbonate, and the radioactivity was determined, 


TABLE I 
Utilization of Valine for Biosynthesis of Benzylpenicillin 


The radioactivity of added pi-valine was 296 e¢.p.s. per wmole by the counting 
procedure employed. 


Radioactivity of | Calculated radio- Percent benzylpen- 


a: Yield of penicillin | Volume of broth _ isolated benzyl- activity of benzyl- icillin derived from 


at 108 hrs. extracted penicillin penicil in in broth added pti-valine* 
unils per ml. mi. c.p.s. per pmole c.p.s. per umole 
1A 150 24 ba 167 56 
150) 24\ 
1B a 45) 2.86 157 | 53 
2A 390 24 1.82 Q5 32 
28 500 24 2.33 95 32 
3A 240 41 2.48 123 41 
3B 250 42 | 1.95 91 31 


* Assuming not more than | labeled carbon per molecule of benzylpenicillin. 
t Aliquots of broth from two flasks were combined. 


In different experiments, from 15 to 58 per cent of the radioactivity of the 
added valine was accounted for in this form. 

The determinations of incorporation of C™ into benzylpenicillin were 
made by the washing out technique. The sample of ice-cold broth (24 to 
69 ml.) was adjusted to pH 2 and extracted rapidly with ice-cold amyl 
acetate. The amy] acetate extract was reextracted with sodium bicar- 
bonate solution containing 300 mg. of pure potassium benzyl penicillinate, 
and the bicarbonate solution was then acidified to pH 2 and extracted with 
cold ether. The ether solution was dried for 5 minutes over anhydrous 
sodium sulfate and the benzylpenicillin precipitated as the triethylamine 
salt (4). The crystalline salt was then recrystallized from acetone-ether to 
constant specific activity. 

All determinations of C'™ were carried out according to the procedure of 
Claycomb et al. (5), with a windowless preflush flow counter and suitable 
sealing circuit. 
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The three typical experiments of Table I show that a considerable por- 
tion of the radioactive carbon of added valine is incorporated into penicil- 
lin. If one assumes that only 1 labeled carbon is present in each penicillin 
molecule, then from 31 to 56 per cent of the penicillin formed was derived 
from the added valine. 

To determine the exact location of the labeled carbon in the isolated 
penicillin, two samples were degraded by the procedure of Tome e¢ al. (6). 
Radioactivity was confined to the penicillamine portion of the molecule 
(Table If). Finally, the location of the labeled carbon within the penicil- 
lamine skeleton was determined by degradation of a third sample of ben- 
zyipenicillin to penicillamine and treatment of the separated penicillamine 


TABLE II 
Degradation of Isolated Radioactive Benzylpenicillin 
All activities are expressed as counts per second per micromole by the counting 
procedure employed. 


Radioactivity of isolated fragments 


Esperimeat | 
"i. COs, from decarboxyl-| Penilloaldehyde, as Penicillamine, as CO:, from ninhydrin 
ation of benzyl | 2,4-dinitrophenyl- derivative with phenyl oxidation of 
penicilloate hydrazone isocyanate penicillamine 
0 0 2.25 
2B 0 0 1.84 
1B 2.82, 2.52* 


* Corrected for 1:3 dilution of sample prior to degradation (observed activities» 
0.94 and 0.84 e.p.s. per wmole). 


with ninhydrin in citrate buffer at pH 2.5 (7). The carbon dioxide evolved 
was collected in sodium hydroxide solution and counted as barium car- 
bonate. Table II shows that the C' was confined to the carboxyl group 
of the penicillin molecule. 


DISCUSSION 


The present results demonstrate conclusively that the carboxyl group of 
penicillins can be derived from the carboxyl group of valine. ‘Together 
with the finding of Arnstein and Grant, that the methyl carbons of valine 
are also incorporated into the penicillamine portion of the molecule, these 
data provide strong evidence that the entire carbon skeleton of valine can 
serve as the precursor of the corresponding carbon skeleton (C) of penicil- 
lins. Thus, with the possible exception of a single nitrogen atom (8), the 
precursors of the entire penicillin molecule have been found. Neverthe- 
less, the pathways by which these precursors are incorporated into the 
penicillins remain to be established (9). 
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SUMMARY 


Carboxyl-labeled pi-valine was utilized to demonstrate that in the bio- 


synthesis of benzylpenicillin by Penicillium chrysogenum the carboxyl group 
of valine is incorporated as the carboxyl group of penicillin. 
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THE TRANSFORMATION OF CHOLESTEROL TO 
COPROSTANOL* 


By R. 8. ROSENFELD, DAVID K. FUKUSHIMA, LEON HELLMAN, anp 
T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, June 9, 1954) 


The conversion of cholesterol to coprostanol (coprosterol)' has been 
studied in an attempt to define the mechanism of this transformation. 
Two principal hypotheses have been advanced to explain this reaction: 
(1) a direct stereospecific reduction of the double bond, presumably by 
intestinal microorganisms (1, 2), and (2) a three stage conversion from 
cholesterol involving the intermediates A‘-cholestenone (II) and copros- 
tanone (III) (3, 4). Fig. 1 illustrates these steps. It has been shown 
that, after feeding cholesterol-3d ,4-C™ to humans, the conversion to co- 
prostanol occurs in large parts by a mechanism in which the hydrogen 
at C-3 remains intact. Experiments in which the doubly labeled cho- 
lesterol was incubated with fecal material provided confirmatory evidence 
of the retention of structure at C-3. 


EXPERIMENTAL” 


Cholesterol-4-C™—-This product was prepared by the method of Belleau 
and Gallagher (5) from cholestenone-4-C™ purchased from the Oak Ridge 
National Laboratory. 

Cholesterol-3d and Epicholesterol-3d—To a suspension of 2.5 gm. of lith- 
ium aluminum deuteride?’ in 150 ml. of dry ether were slowly added 100 ml. 
of an ether solution containing 20 gm. of A®-cholesten-3-one. The mixture 
was stirred for 3 hours and the excess reagent destroyed with ethyl acetate. 
The ether solution was then washed with dilute acid and the solvent evap- 
orated. The residue was dissolved in 250 ml. of ethanol containing 4 ml. 
of concentrated hydrochloric acid. The solution was refluxed for 30 min- 
utes and diluted with ether. The ether solution was successively washed 


* This investigation was carried out under contract No. AT(30-1)-910 with the 
United States Atomic Energy Commission and supported by grants from the Anna 
Fuller Fund, the Lillia Babbitt Hyde Foundation, and the National Cancer Institute, 
United States Public Health Service (No. C-440). 

1 Coprostanol is used throughout this paper to denote coprostan-38-ol instead of 
the older term ‘‘coprosterol.’’ 

? All melting points are corrected. 

? Obtained from Metal Hydrides Inc., Beverly, Massachusetts, on allocation from 
the Atomic Energy Commission. 
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The conversion of cholesterol to coprostanol (coprosterol)! has been 
studied in an attempt to define the mechanism of this transformation. 
Two principal hypotheses have been advanced to explain this reaction: 
(1) a direct stereospecific reduction of the double bond, presumably by 
intestinal microorganisms (1, 2), and (2) a three stage conversion from 
cholesterol involving the intermediates A‘-cholestenone (II) and copros- 
tanone (III) (3, 4). Fig. 1 illustrates these steps. It has been shown 
that, after feeding cholesterol-3d ,4-C™ to humans, the conversion to co- 
prostanol occurs in large parts by a mechanism in which the hydrogen 
at C-3 remains intact. Experiments in which the doubly labeled cho- 
lesterol was incubated with fecal material provided confirmatory evidence 
of the retention of structure at C-3. 


EXPERIMENTAL? 


Cholesterol-4-C™—-This product was prepared by the method of Belleau 
and Gallagher (5) from cholestenone-4-C™ purchased from the Oak Ridge 
National Laboratory. 

Cholesterol-3d and Epicholesterol-3d—To a suspension of 2.5 gm. of lith- 
ium aluminum deuteride’ in 150 ml. of dry ether were slowly added 100 ml. 
of an ether solution containing 20 gm. of A®-cholesten-3-one. The mixture 
was stirred for 3 hours and the excess reagent destroyed with ethyl acetate. 
The ether solution was then washed with dilute acid and the solvent evap- 
orated. The residue was dissolved in 250 ml. of ethanol containing 4 ml. 
of concentrated hydrochloric acid. The solution was refluxed for 30 min- 
utes and diluted with ether. The ether solution was successively washed 
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Fuller Fund, the Lillia Babbitt Hyde Foundation, and the National Cancer Institute, 
United States Public Health Service (No. C-440). 
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the older term ‘‘coprosterol.’’ 
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with water, alkali, and water and dried over sodium sulfate. Evaporation 
of the solvent afforded 19 gm. of crystalline product. Chromatography on 
silica gel and recrystallization from acetone yielded 13 gm. of cholesterol- 
3d; m.p. 149-149.5°, 2.00 atoms per cent excess deuterium (hereafter de- 
noted by the symbol AD) corresponding to 0.92 gm. atom of deuterium per 
mole (hereafter denoted by the symbol D). 

Epicholesterol-3d (0.75 gm.) was also obtained from the chromatogram 
and, after recrystallization from acetone, melted at 140—-141°. 

Proof for Location of Isotope in Cholesterol-3d—76.5 mg. of cholesterol-3d 
were diluted with 412.3 mg. of non-isotopic cholesterol (factor 6.39). The 
diluted cholesterol was analyzed and contained 0.144 D (0.314 AD), which 
corresponds to 2.01 AD for the undiluted cholesterol. Hydrogenation of 
440 mg. of the diluted sterol in 30 ml. of acetic acid and 5 ml. of cyclohexane 


I 0 pang Iv 


(2) 
Fig. 1. Three stage conversion of cholesterol to coprostanol involving the inter- 
mediates A‘-cholestenone (11) and coprostanone (III). 


with 100 mg. of platinum oxide yielded cholestanol-3d; m.p. 141.5—143°, 
0.146 D (0.305 AD). Oxidation of 230 mg. of cholestanol-3d with 2 per 
cent chromic oxide in acetic acid at room temperature for 2 hours afforded 
cholestan-3-one; m.p. 129.5-130.5°, 0.003 AD. 

This result is in agreement with the findings of Dauben and Eastham 
(6) who have studied the mechanism of the reduction of ketones with lith- 
ium aluminum deuteride. 

Administration of Cholesterol and Collection of Samples. Studies in Vivo— 
Cholesterol-4-C™ and cholesterol-3d were dissolved in acetone and the 
material was recrystallized to give doubly labeled material; 435,000 dis- 
integrations per minute per millimole (d.p.m. per mmole), 0.92 D (2.00 
AD). For oral administration, the cholesterol-3d ,4-C™ in 10 ml. of sesame 
oil was added to 100 ml. of warm chocolate milk containing 5 gm. of gum 
acacia and additional chocolate syrup. The mixture was homogenized and 
fed to the subject 1 hour before the evening meal. Subject A received 
0.510 gm. and Subject B was given 0.400 gm. of the labeled cholesterol. 
Daily stool collections were made and the 2nd and 3rd day collections were 
examined for fecal sterols. 
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Incubation Studies—Two experiments were performed. In the first 
(0.214 gm. of cholesterol, 8,110,000 d.p.m. per mmole and 0.92 D (2.00 AD), 
was used and in the second 0.394 gm. of cholesterol, 3,420,000 d.p.m. per 
mmole and 0.92 D (2.00 AD), was incubated. The cholesterol was sus- 
pended in 10 ml. of 0.9 per cent saline with 1 drop of Tween 80 and the 
mixture was emulsified by rotation for 2 days in a ridged flask with glass 
beads. Feces from a normal human were immediately mixed with 50 ml. 
of 0.9 per cent saline at low speed in a Waring blendor until homogenized. 
The cholesterol emulsion was added and the mixture was homogenized for 
an additional 3 minutes. The suspension was transferred to a 2 liter flask 
with 50 ml. of saline. The contents were incubated at 37° for 50 hours 
with slow stirring through a mercury seal. Air was initially present in the 
flask and no deliberate change in this atmosphere was made for the period 
of incubation. 

Isolation of Fecal Sterols—With Subject A, the 24 hour collections were 
homogenized and extracted three times with acetone. The combined 
acetone extract (1 liter) was filtered and the solvent was removed. The 
residue was refluxed for 3 hours with 200 ml. of 5 per cent potassium hy- 
droxide in 90 per cent ethanol. The cooled alkaline solution was diluted 
with an equal volume of water. In Subject B, the homogenized feces were 
mixed with 50 gm. of potassium hydroxide and 150 ml. of ethanol and re- 
fluxed for 4 hours. The incubation experiments were treated in the same 
manner as the materia] from Subject B. Each alkaline mixture was ex- 
tracted three times with a total of approximately 2 liters of petroleum ether 
(b.p. 60°). The petroleum ether solution was washed with three 200 ml. 
portions of 50 per cent aqueous ethanol which were discarded. After dry- 
ing over sodium sulfate and removal of the petroleum ether, the residual 
orange oil crystallized on standing. Each non-saponifiable fraction was 
chromatographed on 75 times its weight of Merck acid-washed alumina and 
material was eluted from the column with petroleum ether-benzene mix- 
tures. In each case, three crystalline fractions were obtained which, in 
order of elution, were coprostanone, coprostanol, and cholesterol. 

Purification of Steroids Isolated from Non-Saponifiable Fraction of Feces— 
A general description of the purification procedure is presented for each 
compound. Variations in the procedures are noted for specific samples. 

Coprostanone—The crude material was sublimed in a good vacuum and 
the sublimate was chromatographed on silica gel (adsorbent to substance 
= 150:1). Coprostanone, eluted with petroleum ether-10 per cent ether, 
was recrystallized twice from methanol. This substance was obtained 
from each of the six non-saponifiable fractions examined. Coprostanone 
from the studies in vivo melted from 66-74°; the incubation experiments 
afforded material melting from 68-71°. The infra-red spectra were iden- 
tical with that of an authentic sample of coprostanone. 
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Coprostanol—This substance comprised the largest amount of the steroid 
fraction of the feces and the infra-red spectrum of the crystalline material 
was identical with that of pure coprostanol. The coprostanol was re- 
crystallized twice from methanol and acetylated with acetic anhydride and 
pyridine. The product was treated with perbenzoic acid in benzene solu- 
tion for 2 days in the refrigerator. Chromatography on alumina afforded 
in the petroleum ether eluates coprostanyl acetate which was recrystallized 
twice from methanol. 

Subject A—Day 2, coprostanol; m.p. 105-106°. Coprostanyl acetate; 
m.p. 89-89.5°, 6000 d.p.m. per mmole, 0.013 D (0.026 AD). Day 3, co- 
prostanol; m.p. 99-101°. Coprostanyl acetate; m.p. 94-95°, 25,800 d.p.m. 
per mmole, 0.050 D (0.099 AD). 

Subject B—Day 2, coprostanol; m.p. 98-99°. Coprostanyl acetate; 
m.p. 88-90°, 23,200 d.p.m. per mmole, 0.026 D (0.054 AD). Day 3, co- 
prostanol; m.p. 97-99°. Coprostanyl acetate; m.p. 87—89°, 3000 d.p.m. 
per mmole, 0.009 D (0.017 AD). 

Incubation 1—Coprostanol acetate was treated with perbenzoic acid for 
2 hours at room temperature instead of the longer reaction time described 
above. Coprostanol; m.p. 103-105°. Coprostanyl acetate; m.p. 87.5- 
88.5°, 945,000 d.p.m. per mmole, 0.151 D (0.302 AD). 

Incubation 2—Coprostanol; m.p. 99-101°. Coprostanyl acetate; m.p. 
89-90°, 328,000 d.p.m. per mmole, 0.110 D (0.220 AD). 

Cholesterol—The fraction eluted from the column with petroleum ether- 
benzene (1:1) consisted of cholesterol contaminated with other material, 
as judged by infra-red spectrometry. The contaminant was shown to be 
cholestanol. The sterol mixture was recrystallized three times from ace- 
tone and then brominated in glacial acetic acid. The 5,6-dibromocho- 
lesterol was debrominated with zinc in glacial acetic acid and the recovered 
cholesterol was recrystallized from acetone. 

Subject A—Day 3, cholesterol; m.p. 142—146°, 14,200 d.p.m. per mmole, 
0.019 D (0.014 AD). 

Subject B—Day 2, cholesterol; m.p. 146—148°, 11,600 d.p.m. per mmole, 
0.030 D (0.022 AD). Day 3, cholesterol; m.p. 146-147°. No radioactivity 
was detected and therefore the compound was not analyzed for deuterium. 

Incubation 1—The cholesterol obtained by debromination of 5,6-di- 
bromocholesterol with zine and acetic acid melted from 144—146°. Since 
this treatment causes some acetylation of the hydroxyl group (7), the prod- 
uct was refluxed with 2 N potassium hydroxide in 90 per cent methanol. 
The recovered cholesterol was recrystallized twice from acetone; m.p. 
148-148.5°, 4,130,000 d.p.m. per mmole, 0.455 D (0.330 AD). The radio- 
activity and deuterium content of the cholesterol were unchanged by sa- 
ponification. 
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Incubation 2—Bromination of the crystalline sterol was carried out as 
above. The 5,6-dibromocholesterol was debrominated by refluxing with 
sodium iodide in ethanol-benzene solution and the recovered cholesterol 
was recrystallized from acetone; m.p. 147—148°. This material was acety- 
lated with acetic anhydride and pyridine and the product was chromato- 
graphed on alumina. The crystalline eluate melted at 114.5-116° after one 
recrystallization from methanol. The cholesteryl acetate was saponified 
with ethanolic potassium hydroxide and the product was again chromato- 
graphed on alumina. Cholesterol so obtained was recrystallized once from 
acetone; m.p. 147—148.5°, 1,590,000 d.p.m. per mmole, 0.404 D (0.239 AD). 
Radioactivity and deuterium measurements on cholesterol obtained during 
stages of the purification showed no appreciable change in isotopic com- 
position. 

Oxidation of Coprostanol-—Coprostanyl acetate, obtained as the ultimate 
product in the purification of coprostanol, was saponified and oxidized at 
room temperature with 2 per cent chromic oxide in acetic acid. The iso- 
lated coprostanone was chromatographed on alumina and the crystalline 
material, eluted from the column with petroleum ether-benzene (9:1), was 
recrystallized from ethanol; m.p. 63-64°. The compound was dissolved 
in methanol and refluxed with 5 per cent ethanolic potassium hydroxide 
for 3 hours. Coprostanone obtained from the alkali equilibration was 
chromatographed on alumina and recrystallized three times from methanol. 
The infra-red spectrum was identical with that of an authentic sample of 
coprostanone. 

Incubation 1—Coprostanone; m.p. 62.5-64°, 898,000 d.p.m. per mmole, 
0.058 D (0.127 AD). The C™ and deuterium content of the coprostanone 
was the same before and after treatment with alkali. 

Incubation 2—Coprostanone obtained by oxidation of the saponified 
coprostanyl acetate was isolated and characterized after equilibration with 
alkali; m.p. 63.5-65.5°, 228,000 d.p.m. per mmole, 0.016 D (0.034 AD). 

Isolation of Cholestanol—The crude cholesterol obtained by chromatogra- 
phy of the non-saponifiable fraction of Subject B (Day 2) was brominated 
in acetic acid. The suspension was filtered and an ether solution of the 
filtrate was washed free of bromine with sodium sulfite solution. The 
ether-soluble material was treated with powdered zinc in glacial acetic acid 
and then acetylated. The acetylated material was treated with perbenzoic 
acid to epoxidize any cholesteryl acetate that remained and the reaction 
product was chromatographed on alumina. Crystalline material was ob- 
tained from the petroleum ether-benzene eluates (19:1) and was identified 
as cholestanyl acetate by infra-red spectrometry. The substance was not 
examined further. 

Isotopic Analysis—Deuterium analyses were performed according to the 
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procedure described by Fukushima and Gallagher (8). C' measurements 
were made on stainless steel planchets with a 1.63 cm. sample area by 
using windowless gas flow counters (Tracerlab, Inc.); the results were cal- 
culated to infinite thickness. Coprostanol, coprostanyl acetate, and co- 
prostanone were melted on the planchets prior to counting, while cholesterol 
was precipitated as the digitonide and was plated from an acetone-alcohol 
suspension (9). C' and deuterium measurements were made on cholesterol 
digitonide. 

Studies in Vivo—The radioactivity and deuterium content of the sterols 
isolated from the fecal extracts of the two subjects fed cholesterol-3d ,4- 
C" is shown in Table I. The measurements were made on the most highly 
purified samples of coprostanyl acetate and cholesterol, as described in the 


TABLE 
Isotope Analysis of Fecal Sterols Derived from Fed Cholesterol-3d,4-C™ 


Subject A Subject B 
Cholesterol 
fed 
Sterols from feces Sterols from feces 
Dilution of Dilution of 
Day Cholesterol Coprostanol Cholesterol Coprostanol 
from from 
D 
107? D.p.m. D.p.m D.p.m. 
r per per per 
| D mmole D mmole cM D mmole D mmole | 
| x 10-3 x 103 | 
0.92 4385 | 0.011, 6.7 | 84 | 65 0.030 11.6 0.027 23.4 34 18 
| 3 0.019 14.7 0.050 25.9 18 | 17 | 0 0.009 3.0 102 145 
| 


experimental section. C' and deuterium analyses were also made on cer- 
tain samples of coprostanol and cholesterol during the purification stages 
so that isotopic homogeneity could be established. The low content. of 
both C" and deuterium in coprostanol and cholesterol is probably the result 
of absorption of cholesterol by the subjects, as well as dilution of the labeled 
material by both cholesterol and coprostanol in the gastrointestinal tract. 

The dilution of both isotopes in coprostanol is also shown in Table I. 
These dilution factors were calculated by dividing the original radioactivity 
or deuterium content of the fed cholesterol by the appropriate value in the 
recovered coprostanol. The dilution, based on either C™ or deuterium, 
was of the same order of magnitude for each day. If the over-all con- 
version of cholesterol to coprostanol merely involved a saturation of the 
5,6 double bond of the former, the dilution, calculated from either deu- 
terium or C™, must of necessity be identical. On the other hand, if the 
conversion of cholesterol to coprostanol involved oxidation at C-3 with 
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subsequent reduction of the resultant ketone (Fig. 1), there could be no 
deuterium present at C-3 and, therefore, the dilution of deuterium would 
approach infinity. Since it can be seen in Table I that this did not occur, 
it is reasonable to assume that the cholesterol that was converted to copros- 
tanol was reduced without prior or subsequent oxidation at C-3. 
Incubation Studies—The C™ content of cholesterol and coprostanol re- 
covered from the incubation of feces with cholesterol-3d ,4-C™ is shown in 
Table II. It may be noted that in the first incubation experiment 36 per 
cent of the radioactivity present in the cholesterol that was added to the 
fecal suspension was recovered as coprostanol; in the second incubation 27 
per cent of the radioactivity was found in coprostanol. That these figures 
represent a good approximation of the actual conversion of cholesterol to 
coprostanol and do not result from contamination of coprostanol by un- 


TABLE II 
Conversion of Cholesterol to Coprostanol by Incubation System 


Sterols recovered 


Cholesterol-3d,4-C™ 


Incubation added Cholesterol Coprostanol 
Total radioactivity | Total radioactivity 
mg. ‘\d.p.m. 10-6 omg.  d.p.m. X 10-6 per cent meg. 10-6 per cent 
1 214 4.47 222 1.79 40 905 1.60 36 
2 394 3.42 443 1.46 43 1204 0.92 27 


changed cholesterol is apparent for two reasons: (1) Chromatography of 
the non-saponifiable portion of the feces efficiently separated coprostanol 
from cholesterol in well spaced fractions with no overlap and infra-red 
examination of the appropriate fractions confirmed the identity of the 
compounds. (2) On purification of each sterol as described in the experi- 
mental section, the.specific activity increased about 20 to 30 per cent and 
reached a constant value. This shows that the impurities present in the 
compounds obtained in the chromatographic separation were either non- 
radioactive, had the same specific activity, or were of lower radioactivity. 
Therefore, the transformation of cholesterol to coprostanol by incubation 
with feces in vitro has been unequivocally demonstrated. 


DISCUSSION? 


Both the feeding experiments and the incubation studies show that the 
dilutions of deuterium and C" are essentially of the same order and in the 


‘In discussing the data, the assumption has been made that deuterium at C-3 
enters into reaction identically with protium. 
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incubation system, where less complicated conditions exist, the retention of 
the isotopic label at C-3 is beyond question. It is, therefore, unlikely that 
coprostanol arises from cholesterol principally by the sequence shown in 
Fig. 1. For this to oceur, the deuterium atom at C-3 would be completely 
lost and the coprostanol would have contained C™ but no deuterium. 

It might be argued that a portion of the cholesterol-3d,4-C™ lost deu- 
terium by oxidation to cholestenone and the unsaturated ketone was in 
turn saturated without loss of deuterium by the same reduced coenzyme 
that had acted as a hydrogen acceptor in the oxidation step. This would 
be equivalent to a reshuffling of deuterium with no net loss of isotope so 
that C'™ and deuterium would be in essentially constant ratio in both cho- 
lesterol and coprostanol. While this might be a permissible explanation 
for the results obtained when cholesterol was fed, it is not applicable to the 
incubation experiments. This is apparent from the isotopic ratio cal- 
culated as follows: 


D gm. atoms deuterium per mole compound 


Cu (d.p.m. per mmole compound) /10? 


The ratio, while arbitrary, affords a convenient comparison of the dilution 
of both isotopes relative to each other. The ratio of the isotopes, as well 
as the C™ and deuterium content of the cholesterol and coprostanol in the 
fecal incubations, is shown in Table III. In the first incubation, the iso- 
topic ratio of the cholesterol added to the feces was 1.13 and that of the 
cholesterol isolated after incubation was 1.10. It is immediately evident 
from the unchanged isotopic ratio that the cholesterol not converted to 
other substances was merely diluted by non-isotopic cholesterol in the 
feces. The corresponding isotopic ratio for coprostanol, however, leads 
to a different conclusion in that the D:C™ ratio of 1.60 was greater than that 
for cholesterol. Thus, in coprostanol, the C'™ was diluted to a greater 
extent than was deuterium. Therefore, the transformation of cholesterol 
to coprostanol cannot be only a simple hydrogenation of the 5,6 double 
bond, since this would result in coprostanol with the same D:C"™ ratio as 
in the starting material. In the second incubation, essentially the same 
results were obtained. The D:C"™ ratio was greater in coprostanol (3.33) 
than in the cholesterol (2.69) added to the fecal material. 

The presence of deuterium elsewhere than at C-3 in coprostanol was 
established by oxidation to the corresponding ketone. The coprostanone 
obtained had an appreciable amount of deuterium in the molecule (Table 
IV) and the isotope was not lost after equilibration with base. The deu- 
terium lost upon oxidation to coprostanone is equivalent to the carbon- 
bound deuterium at C-3. Therefore, in the first incubation, 0.093 gm. 
atom cf deuterium was present at C-3 in coprostanol, while, in the second 
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experiment, the corresponding value was 0.094 gm. atom of deuterium, as 
shown in Table IV. It is now possible to compare the D:C" ratio in the 
original cholesterol with the isotopic ratio in coprostanol for which the 
deuterium content has been corrected for isotope elsewhere than at C-3. 
When thus corrected, in each experiment the ratio is virtually the same in 
the coprostanol and in the original cholesterol. 

A plausible explanation can be advanced for these results. It is clear 
that coprostanol contained deuterium elsewhere than at C-3 and the most 
reasonable site for this additional isotope is at C-5 and C-6. Since the 


TaB_e III 
Specific Activity and Deuterium Content of Sterol from Incubation Experiments 


Sterols recovered 
Cholesterol-3d,4-C' 
added to medium ; 
Incuba- Cholesterol Coprostanol 


tion 
 D.p.m. D D.p.m. D | D.p.m._ | ) 
D mmole raat D permmole D mmole | 


0.92 O81 1.13 0.455 0.413 1.10 0.151 0.095 
2 0.92 0.342 2.69 0.404 0.159 2.54 0.110 0.033 3.33 


TABLE IV 


Deuterium to C4 Ratios in Cholesterol and Coprostanol 


Coprostanol 
) 
D rar 
l 1.13 0.058 0.093 0.98 
2 2.69 0.016 0.094 2.86 


*(Gm. atoms of deuterium per mole at C-3 only. 


only source of deuterium was C-3 in cholesterol, it follows that some of the 
cholesterol must have been used as a deuterium donor for other cholesterol 
molecules that were ultimately converted to coprostanol. 

Thus some cholesterol must have been converted to substances other 
than coprostanol with a net loss of C from the system cholesterol-copros- 
tanol and a transfer or addition of deuterium to other cholesterol molecules 
that were reduced to coprostanol must have occurred. Support for this 
explanation would be provided by the actual location of the deuterium 
atoms elsewhere in coprostanol than at C-3 and investigations toward this 
end are now in progress. It is pertinent in this connection to note that 
Stadtman, Cherkes, and Anfinsen (10) have shown that cholestenone can 
be further oxidized by certain bacteria to substances such as A‘-cholestene- 
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3 ,6-dione, 5-keto-3 ,5-seco-4-norcholestan-3-oic acid (Windaus’ keto acid), 
and other products as yet uncharacterized. Also Wainfan e¢ al. (11) have 
reported that cholesterol-4-C" can be partially destroyed by incubation 
with rat feces and these workers have isolated cholesterol-oxidizing bacteria 
from the intestinal contents of cholesterol-fed rats. 

The fact of incorporation of deuterium that could only have been de- 
rived from C-3 elsewhere in the coprostanol molecule can be considered 
strong evidence for the participation of an organized cellular structure in 
the reaction. This, then, could mean only that the cholesterol added to 
the fecal suspension must either have been absorbed into bacterial cells or 
transformed on the surface of the organisms. In all events, it is evident 
that the enzyme systems responsible for the reduction were not excreted 
into the medium by the bacterial cells that produced them. These facts 
probably explain the relatively slow transformation of cholesterol to cop- 
rostanol. 


SUMMARY 


1. The transformation of cholesterol to coprostanol has been studied in 
human subjects and in incubation experiments with the aid of cholesterol- 
3d ,4-C™, 

2. Cholesterol-3d has been prepared from A®-cholesten-3-one by reduc- 
tion with lithium aluminum deuteride. 

3. The separation of coprostanone, coprostanol, and cholesterol by chro- 
matography of the fecal non-saponifiable fraction on alumina has been 
described. 

4. Coprostanol isolated in both zn vivo and incubation studies contains 
deuterium and C™ and the unequivocal conversion of cholesterol to cop- 
rostanol by an incubation system has been demonstrated. 

5. The data suggest that coprostanol is produced from cholesterol prin- 
cipally by a process not involving the hydroxyl group at C-3, but by direct 
saturation of the 5,6 double bond of cholesterol. In the incubation studies, 
appreciable amounts of deuterium were introduced into coprostanol at 
positions other than at C-2, C-3, and C-4; this isotope is presumably at 
C-5 or C-6. 


The authors gratefully acknowledge the technical assistance of Mrs. 
Evelyn Meyer who isolated and purified the compounds and Miss Josephine 
Leong and Mr. Milton Heffler who performed the deuterium analyses. 
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POSITIONAL ASYMMETRY OF FATTY ACIDS ON LECITHIN* 


By DONALD J. HANAHAN 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, June 4, 1954) 


The possibility that naturally occurring lecithins may contain 1 molecule 
each of a saturated and an unsaturated fatty acid has never been shown. 
The data of Levene and Rolf (1) on the brominated lecithins from liver 
could be interpreted as indirect support for this theory. However, the 
evidence provided by Contardi and Latzer (2), Snider and Bloor (3), and 
Sinclair (4) on the fatty acid composition of various phospholipide frac- 
tions casts doubt on the validity of this proposition. On the other hand, 
it is well to point out that the latter investigators worked with phospho- 
lipides which were not well characterized, and the homogeneity of these 
components was not assured. 

A reinvestigation of the distribution of fatty acids in naturally occurring 
lecithins was prompted by the availability of a method for the preparation 
of highly purified lecithins (5) and the proof that lecithinase A releases 
fatty acid only from the a’-ester linkage of these compounds (6). Particu- 
lar attention was directed towards the arrangement of the fatty acids of 
lecithins of beef, rabbit, rat, dog, and guinea pig liver. 


EXPERIMENTAL 


Methods-—-Phosphorus was assayed by King’s method (7), choline ac- 
cording to Glick (8), and nitrogen by the micro-Kjeldahl procedure with 
selenium oxychloride as the catalyst. Sphingosine-like compounds were 
analyzed by the procedure of McKibbin and Taylor (9). The fractiona- 
tion of fatty acids was performed by the lead salt method of Twitchell (10), 
as modified by Folch (11). Bromination of the unsaturated fatty acids 
was carried out essentially by the technique of White et al. (12). Total 
fatty acids were obtained by hydrolysis of the lipides in 4 Nn HCl for 5 
hours; then isolation and purification of the fatty acids were accomplished 
in the usual manner. Optical rotation values were obtained with a Ru- 
dolph polarimeter. 

The lecithins were degraded in diethyl ether by the lecithinase A of 
Naia naia venom,' and the products of the reaction were isolated and 
purified in a manner similar to that described previously (13). The posi- 

* Supported in part by a grant-in-aid from the American Cancer Society upon 


recommendation of the Committee on Growth of the National Research Council. 
‘Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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tion of the free alcohol function on the lysolecithins was determined by an 
oxidative technique recently described (6). Hydrogen numbers? were 
obtained by catalytic hydrogenation of the lipide sample in 95 per cent 
ethanol over platinum oxide. The hydrogenation apparatus was similar 
in design to that described by Dunlop (14). The reaction vessel and the 
gas burette were maintained at the same temperature by the use of recir- 
culated water. The results were accurate to +2 per cent. 

Isolation of Mixed Phospholipides—The mixed phospholipides of liver 
were isolated as follows: The freshly excised livers were cooled immediately 
in ice and then ground in a meat grinder at 4°. The mince was extracted 
at room temperature with occasional stirring for 3 hours with each of the 
following solvents (the mixture was filtered after each extraction): 3 vol- 
umes of 95 per cent ethanol, 2 volumes of 95 per cent ethanol, and 2 vol- 
umes of 3:1 ethanol-diethyl ether. The clear extracts were concentrated 
at 37° in an N»2 atmosphere at 20 to 30 mm. pressure to a volume of 25 ml. 
and extracted twice with 4 volumes of petroleum ether (b.p. 30—-60°). The 
phospholipides were precipitated from this solution by the addition of 4 
volumes of acetone. The precipitate was recovered by centrifugation, 
washed three times with acetone, and dissolved in petroleum ether. The 
acetone precipitation and washing procedure were repeated twice. Finally 
the phospholipides were dried under nitrogen at room temperature, and 
95 per cent ethanol was added. The alcohol-soluble phospholipides, 
which represented approximately 75 per cent of the total phospholipides 
present, were isolated by centrifugation and purified by aluminum oxide 
chromatography (5). No more than 4 gm. of the alcohol-soluble phos- 
pholipides were chromatographed on each 125 gm. of aluminum oxide 
(Merck, “suitable for chromatographic analysis’’). In large scale prep- 
arations of liver lecithins, a column measuring 60 mm. in diameter by 
500 mm. in length was used. Flow rates of 5 to 7 ml. of 95 per cent ethanol 
per minute have been found adequate for removal of the lecithin. In a 
typical experiment, a column containing 600 gm. of aluminum oxide has 
been used to fractionate as many as 15 gm. of mixed phospholipides. The 
first 800 ml. contain no phosphorus compounds, while the next 1500 to 
2000 ml. contain only the lecithin (usually 9 to 10 gm. in most runs). 


Results 


Chromatographically Purified Lecithins—The results in Table I show the 
average composition of the lecithins obtained by chromatographic purifi- 
cation of the mixed phospholipides of liver. These data represent the 
average of three different batches of each of the liver sources, with the 


2 The hydrogen number = the weight of the sample (mg.) X 22.4 per ml. of hydro- 
gen absorbed (standard temperature and pressure). 
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exception of that from dogs, for which only one run was made. In each 
experiment, the phosphorus, nitrogen, and choline values of the different 
preparations from the same sources agreed within 1 per cent of the values 
reported in Table I. The only variation in composition from one batch 
to the next in the same species was in the hydrogen numbers. These 
changes were attributable almost entirely to changes in the magnitude of 
unsaturation in the fatty acids present. The hydrogen uptake values in 
the different preparations, however, usually varied no more than 15 per 
cent from the value recorded. 

These lecithins were colorless, pasty substances which were quite stable 
to oxidation in air. They were readily soluble in diethyl ether, petroleum 
ether, ethyl alcohol, and chloroform and were insoluble in acetone. When 


TaB_e [ 
Composition of Chromatographically Purified Liver Lecithins 


| Beef Rabbit Rat Guinea pig Dog 
Choline-P, molar ratio................. 0.98 1.01 0.99 0.98 0.98 
Total fatty acid, %................... 68.0 68.0 72.0 69.5 66.1 
Neutral equivalent.................... 296 284 312 285 | 297 


dissolved in 95 per cent ethanol and maintained at 4° in the dark, these 
compounds could be stored for several months without any change in 
composition. No sphingosine-like compounds could be detected in these 
fractions. The total amounts of lecithin isolated by this procedure repre- 
sent 60 to 65 per cent of the total phospholipide content of the original 
tissue. 

Although the lecithins from most of the species were considered to be 
composed of fatty acids of various chain lengths and degrees of unsatura- 
tion, exceptions were noted. When a sample of rabbit liver lecithin 
(Table I), the analysis of which indicated a lecithin with fatty acids of an 
average chain length of 18 carbons, was hydrogenated in 95 per cent 
ethanol over PtOs and then stored at 4° in this solvent (25 mg. per ml.), 
95 per cent of the original phosphorus was precipitated within 30 minutes. 
An additional crystallization under the same conditions yielded pure 
(distearoyl)-L-a-lecithin. It was identified and its purity ascertained by 
x-ray analysis, melting point, optical rotation, and elementary analyses. 


ran 
ere 
‘ent 
ilar 
the 
cir- 
ver 
ely 
ted 
the 
‘ol- 
ml. 
lhe 
f 4 
on, 
he 
uly 
ind 
les, 
des 
ide 
ide 
ep- 
by 
10) 
1a 
as 
‘he 
to 
he 
ifi- 
he 
he 
ro- 


316 FATTY ACIDS ON LECITHIN 


All of these values agreed with those reported by Baer and Kates (15) for 
synthetic (distearoy])-L-a-lecithin. 

Position and Nature of Fatty Acids on Lecithin—Inasmuch as lecithinase 
A of snake venom apparently attacks only the a’-ester linkage of lecithin 
(6), the free fatty acid released in this reaction would be representative of 
the fatty acid originally present at this position in the intact lecithin. On 
the same basis the fatty acid of the lysolecithin would be typical of the 
acyl group present on the §-ester position in the original lecithin. The 
lecithinase A of Naia naia venom was active towards each of the purified 
lecithins from the various sources, and the reaction proceeded smoothly 


TABLE II 
Composition of Lysolecithins and Free Fatty Acids Formed by Lecithinase A Action 
on Purified Liver Lecithins 
See Table I for the analysis of the original lecithin. 
| Rabbit | Rat Guinea pig) Dog 
Lysolecithins* | | | 
§.61 5.74 5.64 5.04 4.80 
| 2.54 2.64 2.52 | 2.25 2.18 
| 21.2 | 2.1 21.5 19.0 18.7 
| | | 1.00 0.98 1.00 
Choline-P, molar ratio............... 0.98 1.00 0.98 0.98 1.00 
Free fatty acids | : | | 
Neutral equivalent.................. 296 | 284 310 254 320 
Hydrogen No., calculated........... 14 |144 | 102 | 156 | 126 
111 | 137 115 | 148 117 


* No hydrogen uptake. 


in diethyl ether and gave the desired products in yields of 95 per cent or 
better. The composition of the free fatty acids and the lysolecithins ob- 
tained in each of these reactions is recorded in Table IT. 

As indicated by the data in Table II, the free fatty acid fraction con- 
tained all of the unsaturation present in the intact lecithin. This was 
evident from the close agreement of the calculated and experimental hydro- 
gen numbers. The calculation of the theoretical hydrogen number of the 
free fatty acid was as follows: the observed hydrogen number of the original 
lecithin times the per cent total fatty acid divided by 2. This was based 
on the observation that all of the unsaturated fatty acids appeared to be 
located on the same ester linkage of the intact lecithin. Moreover, no 
saturated fatty acids were detected in this free fatty acid fraction either 
by lead salt treatment or by low temperature fractionation (16). Bromi- 
nation of the unsaturated fatty acids yielded a mixture of mainly di- and 
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tetrabromides, and some hexabromides, which indicated that they were 
not homogeneous, but contained mixtures of unsaturated acids. Although 
the average chain length of the fatty acids, both saturated and unsatu- 
rated, differed from one species to the next, it was consistently the same 
for a particular species. No attempt was made to investigate these acids 
in detail. 

Similarly, no unsaturated fatty acids were present on analysis of the 
lysolecithins. ‘This was established by the observation that neither the 
intact lysolecithin nor the fatty acid derived from it by hydrolysis took up 
any hydrogen. By means of lead salt fractionation, all of the fatty acids 
of the lysolecithin were found in the “saturated” fraction. In addition, 
there was no reaction of the fatty acid with bromine or with any of the 
common halogenating agents. The belief that only saturated fatty acids 
were present in the lysolecithin was further supported by the fact that all 
of the unsaturation of the intact lecithin was associated only with the free 
fatty acid released by lecithinase A action (see the hydrogen numbers, 
Tables I and IT). 

It is of interest that the lysolecithin obtained from rabbit liver lecithin 
was a homogeneous compound. The analysis of this product showed it to 
be monostearoyllecithin. Its properties are described in detail in the 


accompanying paper (17). 
DISCUSSION 


The present investigation has shown, for the first time, that the lecithins 
of liver contain unsaturated fatty acids only on the a’-ester position and 
saturated fatty acids only on the 8 position. Since this phenomenon has 
been observed in the lecithins of rat, rabbit, dog, guinea pig, and beef 
liver, there is apparently no species specificity as regards the basic struc- 
ture of the lecithins of this particular tissue. This same type of specific 
positioning of fatty acids occurs in lecithins of egg (17) and most probably 
in those of brain. In the latter case, Fairbairn (18) reported that the 
lysolecithin resulting from the action of lecithinase A on a crude beef brain 
phospholipide fraction had a very low iodine number, while the free fatty 
acid released had a very high iodine number. However, this type of 
selective positioning of the fatty acids cannot be construed as a general 
pattern, inasmuch as a completely saturated lecithin, dipalmityllecithin, 
has been isolated from lung (19), brain, and spleen (20), and a fully un- 
saturated lecithin, (dipalmitoleyl)-L-a-lecithin, has been found in yeast 
(21). 

Inasmuch as these lecithins of specific structure have been isolated 
repeatedly from liver, it is logical to assume that they must occupy some 
metabolic réle, most likely in fat metabolism. Although phospholipides 
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have long been implicated as being important in fat metabolism, the evi- 
dence to date has not been conclusive as to their possible function. Ac- 
cording to the evidence presented in this paper, it is well to consider the 
possibility that the lecithins function in a unique manner; 7.e., perhaps 
the two fatty acid esters react differently in enzyme systems. Thus it is 
possible that the a’-ester group represents the metabolically active portion 
of the lecithin molecule and may be concerned primarily with the trans- 
port of fatty acids or may act as an intermediate in the oxidation of fatty 
acids, etc. This suggestion receives some support from the recent obser- 
vations of Borgstr6ém (22), who found that the B-ester group of triglyceride 
was relatively inactive. 

The purification of the lecithins of livers by aluminum oxide chromatog- 
raphy provides an adequate means for the preparation of these compounds 
in good yield. It also indicates the wide applicability of this technique, 
which has been applied to the purification of lecithins from yeast (21), egg 
(5), and now liver. 


The author is indebted to Mr. George W. Klontz and Mr. Robert Ver- 


camer for expert technical assistance in these experiments. 


SUMMARY 


A positional asymmetry for the fatty acids of some of the naturally 
occurring lecithins from liver has been established. It has been shown 
that the lecithins of beef, rabbit, dog, guinea pig, and rat livers have only 
unsaturated fatty acids on the a’-ester position and only saturated fatty 
acids on the B-ester position. 

(Distearoy])-L-a-lecithin and monostearoyllecithin have been prepared 
by hydrogenation of the purified rabbit liver lecithin and by the action of 
lecithinase A on this same substrate, respectively. 

The lecithins of beef, rabbit, dog, guinea pig, and rat livers have been 
purified by an aluminum oxide chromatographic method. 
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A CONVENIENT ROUTE TO (DISTEAROYL)-t-a- AND 
B-MONOSTEAROYLLECITHIN. POSITION OF 
FATTY ACIDS ON THE LECITHINS OF EGG* 


By DONALD J. HANAHAN 


(From the Department of Biochemistry, University of Washington, Seattle, Washington) 
(Received for publication, June 4, 1954) 


The elegant synthetic procedure of Baer and Kates (1) has provided an 
excellent route to (distearoyl)-L-a-lecithin. Another route to this same 
compound is through the hydrogenation of the purified lecithins of chicken 
egg. Although Levene and West (2) had reported the preparation of a 
hydrolecithin by the hydrogenation of egg lecithin purified through the 
cadmium salt, their analytical data indicated that this product was con- 
taminated with some non-choline nitrogenous impurities. In the present 
investigation, hydrogenation of the chromatographically purified lecithins 
of egg gave pure (distearoyl)-L-a-lecithin in excellent yields. 

When lecithinase A was allowed to act on the purified lecithins, a lyso- 
lecithin, B-monostearoylglycerylphosphorylcholine (monostearoyllecithin), 
was formed and could be isolated in a pure state and in good yields. Al- 
though Levene, Rolf, and Simms (3) had isolated a crystalline lysolecithin 
from the reaction of snake venom on egg yolk, it appeared to have been a 
mixture of stearoyl- and palmitoyllysolecithins. 

Again, as in the case of the lecithins of liver (4), it was found that the 
chicken egg contains lecithins with unsaturated fatty acids, mainly linoleic 
acid, only on the a’-ester position and a saturated fatty acid, stearic acid, 
only on the 8 position. During the past year, the lecithins of several 
different batches of eggs have been examined and found to be composed 
of this same typical lecithin. Although the unsaturated fatty acids ap- 
peared to be composed of a mixture of Cis acids, the only detectable satu- 
rated acid was stearic acid. These results are at some variance with those 
of Riemenschneider et al. (5), who found a number of different fatty acids 
in the lecithin fraction of egg. However, inasmuch as they reported only 
the nitrogen and phosphorus content of their lecithin fractions, a strict 
comparison cannot be made. On the basis of the present findings, it is 
felt that with more refined isolation techniques the preparation of a pure, 
individual ‘‘asymmetrically” substituted lecithin is possible. 


*Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 


Purification of Native Lecithins—The chromatographic purification 
technique previously outlined (6) was employed, with the exception that 
only 4 gm. or less of the mixed phospholipides were placed on each 125 gm. 
of aluminum oxide (Merck, ‘‘suitable for chromatographic analysis’’).! In 
all these preparations, a chromatographic column, which measured 60 mm. 
by 500 mm., was used. Flow rates of 5 to 7 ml. of 95 per cent ethanol per 
minute were found to be adequate to remove the lecithin, which appeared 
in the fraction from 1000 to 2500 ml. The average yield of mixed phos- 
pholipides per dozen eggs was 10 gm., which gave on chromatographic 
separation 7 to 7.5 gm. of purified lecithin. A total of six different batches 
of fresh eggs, which were purchased at 2 month intervals, was examined. 
The average composition of the purified lecithins of these eggs is given 
below. ‘The variation in composition from one batch to the next was no 
more than 2 per cent. 


Linoleylstearoyllecithin (804) 
Calculated. P 3.86, N 1.74, choline 15.1, hydrogen No. 402 
[a] +5.6° (c, 8 in CHCl3-MeOH, 1:1) 


1 gm. of the lecithin was hydrolyzed in 4 N HCl, and the fatty acids were 
isolated and treated as described previously (6); yield, 680 mg. (theory, 
701 mg.); hydrogen number, 279 (theory, 282); neutral equivalent, 280.0 
(theory, 282). 200 mg. of the hydrogenated fatty acids were crystallized 
three times from aqueous ethanol; yield, 180 mg.; neutral equivalent, 
281.0; theory for stearic acid, 284.0; m.p., 69.5-70.5°. Admixture with 
pure stearic acid did not depress the melting point. 

Preparation of (Distearoyl)-L-a-lecithin—In a typical experiment, 1.00 gm. 
of chromatographically purified lecithin was dissolved in 35 ml. of 95 per 
cent ethanol and hydrogenated at atmospheric pressure over 125 mg. of 
platinum oxide. Within 3 hours, a total of 2.44 mm of hydrogen had been 
consumed (theory, 2.48). The catalyst was removed by centrifugation, 
and the clear alcohol-soluble fraction was diluted to 50 ml. with 95 per 
cent ethanol and stored in a refrigerator at 3°. Usually within 25 minutes, 
over 90 per cent of the hydrogenated lecithin had crystallized. One 
additional crystallization under the same conditions yielded a pure product. 
The material was collected by rapid filtration on a Biichner funnel and 
the lecithin dried in vacuo over P:O; at room temperature for 24 hours; 


1 It was noted that the variability in the composition of the purified egg lecithins, 
which was observed previously (6), could be eliminated by a reduction in the amount 
of mixed phospholipides placed on the aluminum oxide in the chromatographic sepa- 
ration. 
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yield, 900 mg. When placed in a bath heated at 4° per minute, the sub- 
stance sintered at 100—-105° and formed a sharp meniscus at 230.5-231.0°; 
lalss +6.1° (c, 6.0 in CHCl-MeOH, 1:1). 


CysHyoOgN P? (808) 
Caleulated. C 65.4, H 11.2, N 1.73, choline 15.0, P 3.84 


An x-ray analysis of this compound, which was kindly conducted by 
Dr. L. Jensen, showed it to have the same spacings as the synthetic leci- 
thin (1). 

Monostearoyllecithin—1.00 gm. of lecithin was dissolved in 150 ml. of 
peroxide-free ether, and 10 mg. of Nata naia* venom in 3 ml. of water were 
added and thoroughly mixed. The reaction was complete within 2 hours. 
The ether-insoluble fraction was removed by centrifugation and the prod- 
uct purified, essentially as described previously (7). As a final purifica- 
tion, the lysolecithin was dissolved in chloroform and warmed to 40°. 
Any opalescence was removed by filtration through Schleicher and Schuell 
No. 560 fluted filter paper. The clear, colorless filtrate was then concen- 
trated under a stream of nitrogen at 37° until crystallization occurred, 
usually at a concentration of 100 mg. per ml. At this point the mixture 
was allowed to cool slowly, undisturbed, to room temperature and was 
then left at 3° for 1 hour. An almost quantitative recovery of the mono- 
stearoyllecithin in the form of needles in dense clusters could be obtained 
by this technique. The crystals were collected by rapid filtration on a 
Biichner funnel and dried for 12 hours at room temperature in vacuo over 
P.O;. When the crystals were placed in a bath at 205°, an immediate 
sintering occurred, and, upon being heated at a rate of 4° per minute, a 
sharp meniscus formed at 257.5-258.5°;4 [a]; —2.87° (c, 10 in CHCI3- 
MeOH, 9:1). The compound took up no hydrogen in the presence of PtOx. 


P? (541) 
Calculated. C 57.7, H 10.4, N 2.59, choline 22.5, P 5.71 
Found. 66.9, 10.2, * 2.61, 2.0, ** 5.74 


200 mg. of this compound were hydrolyzed in 50 ml. of 2 N alcoholic 
KOH for 4 hours, and, after removal of the alcohol and acidification, the 
fatty acids were isolated as described previously (6); yield, 106 mg. After 


2 The carbon and hydrogen analyses were performed by the Elek Micro Analytical 
Laboratories, 4763 West Adams Boulevard, Los Angeles, California. 

3 Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 

* When the lysolecithin was placed in a bath at 50° and heated at the rate of 4° per 
minute, it sintered at 118-120°, but the formation of the meniscus at higher tempera- 
tures was obscured by extensive decomposition above 200°. No decomposition was 
noted when the compound was placed in a bath at 200°, as indicated in the text. 
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three recrystallizations from ethanol-water, 92 mg. of fatty acid were 
obtained; neutral equivalent, 283.0 (theory for stearic acid, 284.0); m.p. 
69.5-70.5°.. Admixture with pure stearic acid did not depress the melting 
point. 

The position of the free alcohol function on this lysolecithin was found 
to be on the a’-ester position, as determined by a technique previously 
described (8). Assuming no stereochemical alteration on the enzymatic 
preparation of this compound, it is most probably of the L-a@ configuration. 

The free fatty acids, which were formed in the preparation and derived 
from the a’-ester position of the intact lecithin, were examined in detail. 
This fraction contained no saturated fatty acids as indicated by lead salt 
(9, 10) or low temperature fractionation (11). In a typical reaction, the 
yield of fatty acid from action of lecithinase A on 1.00 gm. of intact leci- 
thin was 335 mg. (theory, 350 mg.); neutral equivalent, 278 (theory for 
linoleic acid, 280); hydrogen number, 132 (theory for linoleic acid, 140). 
100 mg. of the hydrogenated fatty acids were recrystallized from ethanol- 
water; yield, 91 mg.; neutral equivalent, 284.0 (theory, 284.0); m.p. 69—-70°. 
Admixture with pure stearic acid did not depress the melting point. 

1 gm. of unsaturated fatty acids was brominated at 0° in ethyl ether 
according to the procedure of White ef al. (12). The major portion of 
brominated acids was in the tetrabromide fraction, which contained 950 
mg. of crude material, m.p. 110-120°. After two recrystallizations from 
ethylene chloride-petroleum ether, 490 mg. of tetrabromostearic acid were 
recovered, m.p. 113.2-113.8°. Admixture with an authentic sample of 
tetrabromostearic acid did not alter the melting point. 


SUMMARY 


(Distearoyl)-L-a-lecithin may be conveniently prepared in good yields 
by hydrogenation of the chromatographically purified lecithins of chicken 
egg. An individual lysolecithin, 8-monostearoylglycerylphosphorylcholine 
(8-monostearoyllecithin), may be obtained by the action of lecithinase A 
on the purified lecithins. 

The fatty acids of the lecithins of egg have been found to be ‘‘asym- 
metrically”’ located; 7.c., only unsaturated fatty acids on the a’-ester posi- 
tion and saturated fatty acids on the 8-ester position. 
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CARBON DIOXIDE, COCARBOXYLASE, CITROVORUM FACTOR, 
AND COENZYME A AS ESSENTIAL GROWTH FACTORS 
FOR A SAPROPHYTIC TREPONEME (S-69) 


By HARRY G. STEINMAN, VANCE I. OYAMA, ann HENRY O. SCHULZE 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Microbiological Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, May 20, 1954) 


A chemically defined medium was described in a previous paper (1) 
which, when supplemented with crystallized serum albumin, permitted 
sustained growth of the Reiter treponeme. When an attempt was made to 
cultivate other saprophytic strains of Treponema pallidum on this medium, 
a number failed to grow. One of these strains, S-69,' could be cultivated 
if the synthetic medium were supplemented with small amounts of brewers’ 
thioglycolate medium and whole blood. As will be here shown, the whole 
blood supplement was replaceable by CO. and cocarboxylase, and the thio- 
glycolate mixture by sodium pyruvate, citrovorum factor, and coenzyme 
A. These five substances, added to the chemically defined Reiter medium, 
support the growth of the S-69 treponeme. 


Methods and Materials 


The general experimental procedures were similar to those already de- 
scribed (1), except that 10 per cent fresh defibrinated rabbit blood was used 
as a supplement to brewers’ thiogtycolate medium in place of the heated 
rabbit serum used for the Reiter strain. After successful subculture in 
thioglycolate medium containing agar, the “wild” strain was transferred 
to medium containing no agar. Inocula were prepared by centrifugation 
of 5 ml. of a 4 to 7 day-old culture, washing twice with 80 ml. of basal me- 
dium diluted with an equal volume of physiological saline solution, and 
then adjusting the inoculum to give an initial count of 1 X 10° organisms 
per 5 ml. assay tube. 

The gaseous atmosphere was also changed from the 100 per cent H, used 
for the Reiter organism to a mixture of 95 per cent H. + 5 per cent COn. 
The temperature of incubation (37°) and the time of incubation (5 to 7 
days) remained the same as with the Reiter spirochete. 

Because the S-69 organism is extremely thin, its growth could not be 


! This strain was one of the Group C strains of oral spirochetes isolated by Wichel- 
hausen and Wichelhausen (2) and was further described as Spirochete H by Robinson 
and Wichelhausen (3). 
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followed by optical density measurements. Growth could be readily meas- 
ured, however, by means of a photonephelometer (Coleman model No. 7). 
A red filter (Coleman No. 8-215) was used to minimize variation in ab- 
sorption by the basal media.2 Growth was routinely checked by dark- 
field microscopy; under these conditions a count of | million organisms per 
ml. corresponded to a nephelos reading of 0.25 unit. Microscopic counts 
paralleled nephelos units as a straight line function. 


EXPERIMENTAL 


Identification of Active Components in Complex Growth Medium-— Growth 
of the 8-69 organism could not be obtained in the chemically defined me- 
dium which had supported growth of the Reiter treponeme (1). Growth 
resulted, however, when the synthetic medium was supplemented with 
small amounts of thioglycolate medium and whole blood. As shown in 
Experiment A, Table I, essential and independent growth factors were 
present in both the red blood cell and serum fractions of whole blood. The 
essential substances supplied by the thioglycolate medium were contained 
in the yeast extract fraction (see Experiment A, Table IT). 

Carbon Dioxide As Replacement for Serum—The non-dialyzable fraction 
of the serum was completely replaceable by the serum albumin incorporated 
into the medium. As with the Reiter treponeme (4), serum albumin fune- 
tioned as a non-toxic carrier of essential lipide material. The dialyzable 
fraction, which also was essential, could be replaced by adding CO, in the 
atmosphere, the optimal CQ, concentration for growth being 5 per cent. 
The optimal pH range was found to be between 7.0 and 7.2. Carbon di- 
oxide was, therefore, the only essential growth factor for the S-69 treponeme 
supplied by whole serum over and above serum albumin (see Experiment 
B, Table J). 

Cocarboxylase. As Growth Factor Supplied by Red Blood Cells—The factor 
contributed by washed red blood cells was found to be present in the dialy- 
sate of a laked suspension. Such dialysates were active at a concentra- 
tion of 10 mugm. per ml., suggesting that the essential factor might be a 
vitamin. On testing a number of vitamins and coenzymes, cocarboxylase 
was found to replace fully the dialysate of laked red blood cells (Experi- 
ment C, Table I) and to be active at 1 mugm. per ml. 

Sodium Pyruvate and Coenzyme Mixture As Substitutes for Yeast Ex- 
tract—With the replacement of whole blood by CQO», albumin, and cocar- 
boxylase it became possible to investigate the growth factors supplied by 


2 To compensate for the loss in light intensity caused by the insertion of the filter, 
it was necessary to operate the instrument from an 8.5 volt power source instead of 
the customary 6.2 volts. In order to protect the shadow-casting galvanometer lamp, 
which was rated at 6 volts, a small resistor was shunted across it. 
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the thioglycolate medium. As shown in Experiment A, Table II, the ac- 
tive substances were contained in the yeast extract. The casein digest 
present in the thioglycolate mixture was only stimulatory in action and 
was not further examined. 

Both by fractional precipitation with acetone and by paper chromatogra- 
phy the yeast extract was separated into two fractions, neither of which 


TABLE 


Carbon Dioxide, Serum Albumin, and Cocarboxrylase As Replacements for Essential 
Factors in Serum and Red Blood Cells for Cultivation of S-69 Treponeme 


The basal medium consisted of amino acids, vitamins, purines, pyrimidines, salts, 
and carbohydrates as present in the synthetic medium for the Reiter treponeme (1). 
To 2.5 ml. of this medium was added 0.5 ml. of brewers’ thioglycolate medium, in a 
total volume of 5.0 ml. The supplements were added in 0.5 ml. quantities and were 
prepared as follows: whole fresh defibrinated rabbit blood, rabbit serum heated at 
56° for 1 hour, rabbit red blood cells washed with isotonic saline and then laked by 
alternate freezing and thawing in an equal volume of distilled water, carbon dioxide 
introduced as a gas mixture and buffered with appropriate concentrations of 
NaHCO, serum albumin 5 per cent, cocarboxylase 0.001 per cent. The amount of 
growth is given in nephelos units after 6 days incubation at 37°. 


Experiment | Supplement to basal medium + thioglycolate medium | Growth 
A Whole blood | 98 
Laked red blood cells 0 
Serum 4 
Laked red blood cells + serum 75 
B Laked red blood cells + serum albumin 3 
+ albumin + CO, 55 
C Albumin + CO, 2 
| " + ‘ + laked red blood cell dialysate 55 
| + + ecocarboxylase 50 


alone supported growth but which, when recombined, was fully active. 
Sodium pyruvate, which had been found in previous experiments to stim- 
ulate growth at low levels of yeast extract, had the same activity as one of 
the yeast extract fractions, and under the conditions of these experiments 
appeared to be an essential factor. In the presence of high levels of as- 
corbic acid, however, pyruvate was beneficial rather than essential. 

In preliminary experiments a commercial coenzyme concentrate had been 
found to be somewhat superior to whole yeast extract in growth-promoting 
activity. A pooled mixture of coenzymes was now assayed and was found 
to replace the second active fraction of yeast extract. As shown in Ex- 
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periment B, Table II, the coenzyme mixture plus pyruvate completely 
replaced yeast extract, and a chemically defined medium was thus achieved, 

Citrovorum Factor and Coenzyme A As Active Growth-Promoting Principles 
of Coenzyme Mixture—No one of the components of the coenzyme mixture 
supported growth when added to pyruvate, but full activity was obtained 
with a mixture of cztrovorum factor and coenzyme A (Experiment C, Table 
II). Some growth resulted when flavin adenine dinucleotide (FAD) or 


II 


Pyruvate, citrovorum Factor, and Coenzyme A As Replacements for Essential Factors 
in Yeast Extract for Cultivation of S69 Treponeme 

The basal medium plus COQ.-NaHCQO,, serum albumin, and cocarboxylase was 
the same as that described in Table 1. To this were added in 0.5 ml. quantities the 
following supplements: whole thioglycolate medium, enzymatic casein hydrolysate 
(Amigen) 6 per cent, veast extract 6 per cent, pyruvate 0.025 M, coenzyme mixture. 
The final concentrations per ml. of the coenzymes added singly or as a mixture were 
FAD 0.1 y, diphosphopyridine nucleotide 1 y, TPN 1 y, vitamin By 0.1 y, lipoie 
acid 1 y, citrovorum factor 1 y, coenzyme Aly. The amount of growth is given in 
nephelos units after 6 days incubation. 


Experiment _ Supplement to basal medium + COr:, albumin, and cocarboxylase | Growth 

A | Thioglycolate medium 50 
Amigen 3 

Yeast extract 46 

B Pyruvate l 
Coenzyme mixture | 5 

Pyruvate + coenzyme mixture 2! 

C Pyruvate + citrovorum factor 0 

+ CoA 0) 

7 + citrovorum factor + CoA 3S 


triphosphopyridine nucleotide (T'PN) was added to a medium containing 
citrovorum factor. However, the FAD and TPN samples showed dimin- 
ished activity with increasing purity of compound and highly purified FAD 
and TPN?* samples were only weakly active. Further, the FAD and TPN 
samples which supported growth were found, chromatographically, to 
contain sufficient CoA-like impurities to account for their activities. 
Quantitative Requirements for Cocarborylase, citrovorum Factor, Coenzyme 
A-—-With the development of a chemically defined medium for the cul- 
tivation of the S-69 treponeme, as described above, it became possible to 


3Samples of highly purified FAD and TPN were obtained from Dr. Bernard 
Horecker. 
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determine the absolute growth requirements of the organism. Table III 
gives the concentration levels of cocarboxylase, citrovorum factor,’ and 


TABLeE III 


Effective Concentrations for Growth of S-69 Treponeme of Cocarborylase, 
citrovorum Factor, Coenzyme A, and Precursors 


The growth response to graded concentration levels of each of the compounds 
listed in the table was determined in a medium complete except for the factor under 
study. Thiamine monophosphate was prepared from cocarboxylase (thiamine 
pyrophosphate) by 15 minutes hydrolysis at 100° in 1 N hydrochloric acid (5). Di- 
hyvdropteroyvlglutamic acid was prepared from folie acid by catalytic reduction in 
aqueous solution (6) and tetrahydropteroylglutamic acid by reduction in glacial 
acetic acid (7). Folie acid and L-leucovorin were purified preparations supplied 
by Dr. H. P. Broquist. The three phosphorylated derivatives of pantothenic acid 
were obtained from Dr. J. Baddiley and pantetheine from Dr. G. D. Novelli. The 
pantetheine derivatives, which were added to the medium in oxidized form, were 
presumably converted to the reduced forms under the anaerobic conditions required 
for growth of the organism. 


Experiment Compound EDso* ED oot 


per mi. mugm. per mil. 
A Thiamine 100,000 
monophosphate 1,000 100 , 000 
Cocarboxylase | 0.5 | 10 
| 
B | Folie acid  Toxie 
acid 50 5,000 
pu-Tetrahydropteroylglutamic acid 1 100 
L-Leucovorin 0.05 | 1.0 
| 
| | 
Pantothenic acid Inert | 
Pantetheine 


4’-Phosphopantothenie acid 

4’-Phosphopant ot henyl-L-cysteine | 
p-4’-Phosphopantet heine 10 | 50 
CoA | 50 | 250 


*EDso = concentration at which the growth response was one-half of the maxi- 
mal amount of growth. 
+ EDion = minimal concentration necessary for full growth. 


coenzyme A required to support half maximal (ED5) and maximal growth 
(EDio). Certain potential precursor substances are also listed. 
Cocarboxylase—Cocarboxylase (thiamine pyrophosphate) was fully ef- 


‘Synthetie L-leucovorin was used in determining the quantitative requirements 
of the organism for e7trovorum factor. The natural form of this growth factor, ob- 
tained from Dr. Milton Silverman, was used in the previous experiments which 
established the essentiality of cztrovorum factor. 
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fective in supporting growth at a concentration level of 10 mugm. per ml. 
(Experiment A, Table III). In contrast, it was necessary to add thiamine 
monophosphate at 10,000 times this concentration (100 y per ml.) in order 
to obtain maximal growth. At 100 y per ml. thiamine supported only 
sparse growth. Similar essentiality for cocarboxylase has been demon- 
strated for certain strains of Neisseria gonorrhoeae (8) and for Hemophilus 
pisctum (9). In both these instances, however, thiamine monophosphate 
was almost as effective as cocarboxylase, while free thiamine was inhib- 
itory (8, 10). 

Citrovorum Factor—.-Leucovorin (5-formyl-5 ,6,7 ,8-tetrahydropteroyl- 
glutamic acid) was fully effective in supporting growth at a concentration 
level of 1 myugm. per ml. (see Experiment B, Table III), thus resembling 
the citrovorum factor requirement of Leuconostoc citrovorum (11). For 
L. citrovorum, a high level of folic acid permitted delayed growth (11). 
In contrast, folic acid not only failed to support growth of the S-69 trep- 
oneme, but strongly inhibited the utilization of citrovorum factor. 

Hydrogenated derivatives of folic acid have been shown recently to 
function as precursors of cofactors for certain formylation reactions, e.g. gly- 
cine-serine interconversion (12) and inosinie acid formation (13). Conse- 
quently, it was not surprising that these reduced forms, intermediate be- 
tween folic acid and citrovorum factor, should be active in the present 
system. The EDs value of dihydropteroylglutamic acid for the growth 
of the S-69 treponeme was 50 myugm. per ml. and that of tetrahydro- 
pteroylglutamic acid was | mugm. per ml., 1000 times and 20 times, respec- 
tively, the EDs. value for the citrovorum factor.’ These results resemble 
the growth-supporting activities of these compounds for L. citrovorum (7, 
14). 

The natural citrovorum factor (15) has been identified with synthetic 
L-leucovorin (16). The two products had comparable activities for the 
S-69 organism. The “unnatural” isomer, p-leucovorin, which showed 
lowered activity for L. citrovorum (16), was relatively ineffective also for 
S-69. The acid transformation product of leucovorin, anhydroleucovorin 
A, which possessed very weak activity for L. citrovorum (17), was simi- 
larly diminished in activity for S-69. 

Coenzyme A-—-Coenzyme A (CoA) was fully effective in supporting 
growth at a concentration level of 250 mugm. per ml. (Experiment C, Table 
III). With Acetobacter suboxydans, for which CoA is growth-stimulating 
(18), pantothenic acid was also effective at high concentrations. With 
the 8-69 organism, however, pantothenic acid was wholly inert even at 
100 y per ml. 

Coenzyme A could be replaced as a growth factor for A. suboxrydans by a 


5 The ED50 concentrations for di- and tetrahydropteroylglutamic acid are maximal 
values because these compounds autoxidize rapidly to form folie acid (6). 
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pantothenic acid conjugate (PAC) (19) which was subsequently charac- 
terized as 4’-phosphopantetheine (20). When examined for growth-pro- 
moting activity for the S-69 treponeme, synthetic p-4’-phosphopantetheine, 
the specific isomer convertible to CoA (21), was found to be slightly supe- 
rior to CoA (Experiment C, Table III). Compared on a molar basis, 4’- 
phosphopantetheine was about twice as effective as coenzyme A, assuming 
80 per cent purity for the latter. 4’-Phosphopantothenyl-.L-cysteine, a 
possible intermediate in the biosynthesis of 4’-phosphopantetheine, and 
which had slight activity for A. suboxrydans,® was completely inert for the 
8-69 spirochete. 4’-Phosphopantothenic acid, which had been found 
previously to be ineffective in supporting growth of A. suboxydans (22), 
also was inactive for 5-69. 

With certain strains of Lactobacillus bulgaricus another pantothenic acid 
conjugate was found to be essential (23). This material, which was later 
identified as pantetheine (24), was replaceable by large amounts of free 
pantothenic acid, but not by CoA or PAC (25). With the 8-69 treponeme, 
however, pantetheine was inert. 


DISCUSSION 


Carbon dioxide is known to be an essential metabolite for many micro- 

organisms (26) and has been found to be highly beneficial for survival of 
pathogenic 7’. pallidum (27). Most organisms, however, can satisfy their 
CO, requirements from their endogenous metabolism. Of the CQOz-re- 
quiring bacteria, some can utilize certain compounds as substitutes for 
CO.; others, e.g. certain strains of Brucella abortus, fix COz even in the 
presence of exogenous supplies of the substances formed from the CO, (28). 
In its specific requirement for CO, in the presence of amino acids, purines, 
pyrimidines, etc., the S-69 spirochete resembles the latter class of organ- 
isms. 
The ordinary vitamin forms of commerce are biologically acceptable for 
most living cells. However, a few microorganisms cannot convert these 
vitamin precursors into biochemically functioning units, 7.e. coenzymes, 
and must be fed preformed conjugates. One example of this is the in- 
ability of Hemophilus parainfluenzae to utilize simple nicotinic acid de- 
rivatives to satisfy its requirement for coenzyme I and coenzyme II (29, 
30). A few other such specific requirements are known, such as the re- 
quirement for cocarboxylase by H. piscium, for citrovorum factor by L. 
citrovorum, and for coenzyme A by A. suboxydans, as described above. 

In its coenzyme requirements the S-69 spirochete is more exacting than 
any of these microorganisms. Not only does it require three such vitamin 
conjugates, but its requirement is more specific in each instance. It is 


‘The activity was twice that of pantothenic acid (personal communication, Dr. 
J. Baddiley). 
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more exacting than H. pisctum in its inability to utilize thiamine mono- 
phosphate for its cocarboxylase requirement; although it resembles L, 
citrovorum in its ability to grow on reduced folic acid derivatives, it is un- 
able to utilize folic acid; it is far more demanding than A. suboxydans in 
its coenzyme A requirements in that it cannot use any of the potential 
precursors examined except 4’-phosphopantetheine. 

The unique requirement of the S-69 treponeme for three such unusual 
nutrilites implies a high degree of dependency on the environment. How- 
ever, as far as is known, the organism is non-pathogenic. The inability of 
pathogenic 7. pallidum to grow on the complete medium which supported 
growth of the S-69 treponeme’ suggests that even more unusual nutrilites 
may be essential for its growth. 


SUMMARY 


The 8-69 treponeme can be cultivated in the chemically defined Reiter 
medium only if it is supplemented with whole blood and thioglycolate me- 
dium (or equivalent substances). The growth factors supplied by these 
materials have been determined. 

1. Serum component. (a) Carbon dioxide was essential for growth over 
and above a number of amino acids, purines, pyrimidines, carbohydrate 
substances, and salts. (b) Serum albumin, also an essential factor, was 
already present as a component of the basal Reiter medium. 

2. Red blood cell component. Cocarborylase was essential for growth. 
It was maximally effective at 10 mugm. per ml. Thiamine monophosphate 
was less then 0.1 per cent as active. Thiamine was weakly active at 0.1 
mg. per ml. 

3. Yeast extract components. (a) Citrovorum factor was essential for 
growth and, as L-leucovorin, was maximally effective at about | mygm. 
per ml. Although folic acid was toxic to the organism, its dihydro and 
tetrahydro derivatives were 0.1 and 5 per cent, respectively, as active as 
synthetic L-leucovorin. (b) Coenzyme A was essential for growth and 
was maximally effective at 250 mugm. per ml. Pantothenic acid, pante- 
theine, 4’-phosphopantothenic acid, and 4’-phosphopantothenyl-L-cysteine 
were inert. Synthetic pD-4’-phosphopantetheine, however, was about 
twice as effective as coenzyme A in supporting growth. (¢) Sodium pyru- 
vate replaced a factor supplied by yeast extract which was necessary for 
growth under the conditions of the present experiments. 
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THE METABOLISM OF C¥O, DURING AMPHIBIAN 
DEVELOPMENT 


By STANLEY COHEN* 


(From the Edward Mallinckrodt Institute of Radiology, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, May 10, 1954) 


These exploratory studies were made to gain some insight into the 
chemical transformations which occur during early embryonic develop- 
ment. Eggs and embryos of the frog, Rana pipiens, were chosen because 
of the many studies on the embryology of this species and because of the 
availability of the material. 

Previous work from other laboratories had indicated that intact frog 
embryos can take up from the medium only negligible amounts of radio- 
active inorganic phosphate (1), glycine (2), or methionine (3). Kutsky 
(1) succeeded in labeling frog’s eggs with P® by injecting the adult female 
with radioactive inorganic phosphate at the time ovulation was induced. 
Friedberg and Eakin (2) and Eakin, Kutsky, and Berg (3) obtained a 
slight uptake of radioactive glycine and methionine after incubating sec- 
tioned embryos in a medium containing the amino acids. 

In the present studies, it is shown that in slightly acid solutions (pH 
6.4) a sufficient amount of C“Os is metabolized by the intact frog egg and 
embryo to permit chemical fractionation and identification of the radio- 
active compounds present at various stages of development. 


Materials and Methods 


Preparation of Eggs and Embryos—F¥rogs (Rana pipiens) were obtained 
from Wisconsin and ovulation was induced by the injection of pituitary 
glands. 36 hours after injection the eggs were stripped, fertilized, divided 
into groups of ten to twenty eggs each, and allowed to develop to the 
desired stage at room temperature (23-26°). The procedures followed are 
given in Hamburger’s manual (4). The development of the embryos was 
allowed to take place in a modified Holtfreter’s solution containing, per 
liter, NaCl 350 mg., KCI] 5 mg., and CaCl. 10 mg. 

Incubation of Eggs and Embryos with Labeled CO.—The stages selected 
for study were the unfertilized egg (stage 1), mid-cleavage (stage 8), mid- 

* Postdoctoral Fellow of the American Cancer Society. Present address, Depart - 
ment of Zoology, Washington University, St. Louis, Missouri. A preliminary report 


was presented at the meeting of the Federation of American Societies for Experi- 
mental Biology at Chicago, April, 1953 (Federation Proc., 12, 191 (1953)). 
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gastrula (stage 11), and neural fold (stage 14). The identification of the 
stages was made on the basis of the data provided by Shumway (5). 1200 
eggs at the desired stage of development were placed in a 70 ml. cylinder 
containing 25 ml. of the modified Holtfreter’s solution, noted above, to 
which had been added NazH PO, (final concentration 10-? mM) and from 120 
to 140 ue. of C’ as NaHCO;. (Labeled NaHCO; was prepared from 
labeled BaCO; (15.1 to 26.7 mg. per me.) as supplied by the Isotopes 
Division, Atomic Energy Commission, Oak Ridge, Tennessee.) 2 drops 
of indicator (bromocresol purple, 0.01 per cent) were added, and the cylin- 
der was flushed with oxygen and closed with a rubber stopper. Sufficient 
hydrochloric acid (0.1 M) was then injected through the rubber stopper to 
adjust the pH to 6.4. The vessel was then incubated for 5 hours at 25-26° 
with gentle shaking. When unfertilized eggs were used, the incubation 
was started 1 hour after the eggs were stripped to allow time for the jelly 
to swell. The volume of 1200 eggs varied from 29 to 37 ml. At the end 
of the incubation period, the vessel was chilled in an ice bath, sufficient 
NaOH (0.5 mM) was injected to render the mixture alkaline to phenolphtha- 
lein, and the eggs were removed by filtration through a Biichner funnel. 

Fractionation of EKggs—The eggs, after filtration, were transferred into 
chilled methanol (1 volume of eggs, with jelly, to 2 volumes of methanol), 
and homogenized in an Osterizer. The mixture was then acidified with a 
few drops of formic acid (until the protein coagulated), and the radioactive 
carbonate was removed by bubbling unlabeled carbon dioxide through the 
mixture. The mixture was then centrifuged and the residue washed twice 
with 50 ml. portions of an acidified methanol solution (0.1 ml. of formic 
acid per 100 ml. of 70 per cent methanol). This methanol fraction con- 
stituted the “‘soluble fraction.”” The residue was treated with 20 ml. of an 
alcohol-ether mixture (3:1) and refluxed for 1 hour to remove the “‘lipide 
fraction.” This extraction was repeated three times. The lipide-free 
residue was then dried in air and extracted three times with 20 ml. portions 
of a hot 5 per cent trichloroacetic acid solution (15 minutes at 90°) to 
remove the “nucleic acid fraction” (6). The combined extract was then 
boiled to decompose the trichloroacetic acid. The final residue, the 
‘protein fraction,” was washed with alcohol and ether and dried. 

Assay of Radiocarbon—Aliquots of the above fractions were transferred 
to tared stainless steel dishes (2.8 sq. cm. area), and evaporated to dryness 
under infra-red lamps. The dishes were then assayed in a standard posi- 
tion under a thin window Geiger-Miiller counter. A counting efficiency of 
approximately 2.6 per cent was obtained. Corrections for self-absorption 
were made when necessary. Unless otherwise noted in the text, sufficient 
counts were made to reduce the statistical error to less than 5 per cent. 

Paper Chromatography and Radioautography—Two-dimensional de- 
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scending paper chromatography was carried out with the solvent pairs, 
propanol-ammonia-water (6:3:1) and the upper phase of a fert-amyl 
aleohol-water-formie acid (3:3:1) mixture, with the procedures of Hanes 
and Isherwood (7). Before adequate chromatograms could be obtained, 
further treatment of the crude fractions was necessary. 

The soluble fraction was evaporated to dryness under a stream of dry 
air, Which finally was bubbled through a solution of NaOH. Only a 
negligible quantity of C' could be detected in the NaOH solution. The 
residue was taken up in a few ml. of water and acidified to pH 2 to 3 with 
HCl and centrifuged to remove the small amount of insoluble material. 
The supernatant solution was extracted continuously for 18 hours with 
ether. The ether extract was evaporated to dryness, 2 ml. of water were 
added, and aliquots were chromatographed. The aqueous fraction was 
neutralized and evaporated to dryness. Since this material gave smears 
when attempts were made to chromatograph it, the dried residue was 
triturated with two 20 ml. portions of 90 per cent methanol and centrifuged, 
and the combined supernatant fluids were evaporated to dryness. 2 ml. 
of water were added to each fraction, the mixture was centrifuged, and 
aliquots of the supernatant fluid were chromatographed. 

The nucleic acid fraction was evaporated to dryness and hydrolyzed for 
1 hour at 100° with 3 ml. of 70 per cent perchloric acid according to the 


procedure of Marshak and Vogel (8) for the liberation of the free purines 


and pyrimidines. KOH (4 Nn) then was added to the hydrolysate to a 
final pH of 1 to 2. The mixture was centrifuged and the residue washed 
several times with water. Aliquots of the supernatant fluid were chro- 
matographed. 

The protein fraction was hydrolyzed with 6 N HCl in an autoclave for 
15 hours. The hydrolysate was taken to dryness several times in a vacuum 
desiccator over calcium chloride and potassium hydroxide and chromato- 
graphed. 

After development of the chromatogram, the papers were radioauto- 
graphed in contact with Eastman Kodak x-ray film. Aliquots assaying 
about 2000 ¢.p.m. in the dish were exposed for 2 days. Other aliquots 
were exposed so that the product of the activity and the time of exposure 
remained approximately constant. 

The radioactive regions thus outlined were compared with the positions 
of the various compounds as made visible by ultraviolet absorption (for 
the purines and pyrimidines) or chemical treatment. Amino acids were 
developed with a spray of 0.1 per cent ninhydrin in n-butanol, the paper 
being dried at 65°. Organic acids were developed with 0.04 per cent 
aqueous bromocresol purple solution after removing the formic acid solvent 
by autoclaving the paper for 20 minutes. Other reagents are noted in the 
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text. In duplicate runs, the radioactive material was eluted with water and 
carrier was added, and the mixture was subjected to two-dimensional chro- 
matography. Identity was assumed when the carrier spot corresponded 
precisely with the location of a radioactive spot. 

Degradation of Uracil—The following procedure was devised for the 
enzymatic degradation of 0.1 umole quantities of uracil. Use was made 
of the enzymes uracil oxidase and barbiturase, discovered in a strain of 
Mycobactertum by Hayaishi and Kornberg (9). In principle, the method 
depends upon the oxidation of uracil to barbituric acid, the hydrolysis of 
barbituric acid to urea and malonie acid, and the hydrolysis of urea to 
ammonia and carbon dioxide. The carbon dioxide, coming from the 
C-2 position of uracil, is collected as BaCO; and counted. 

Enzyme Preparations—Uracil oxidase was prepared by growing the 
Mycobacterium) on a medium containing uracil (0.1 per cent), thymine (0.1 
per cent), NaCl (0.08 per cent), KH»PO, (0.04 per cent), and MgSO,-7H.O 
(0.02 per cent). The culture was maintained for 48 hours at about 26° 
with constant agitation. The cells were harvested by centrifugation. The 
yield of cells was approximately 1 gm. (wet weight) per liter of medium. 
The cells were ground with alumina as described by Hayaishi and Korn- 
berg, the paste being extracted with 5 volumes of glycylglycine buffer 
(0.02 mM, pH 9.0) and centrifuged at 0° at 16,000 * g for 10 minutes. The 
supernatant solution could be stored for at least several weeks in the 
frozen condition. 


Barbiturase was prepared in a similar manner with the following modifi- 


cations. In place of the thymine, glucose (0.2 per cent) was added to the 
medium. After 48 hours of growth, the cell extract was prepared by 
grinding with alumina and extracting with 5 volumes of phosphate buffer 
(0.02 mM, pH 6.7). After centrifugation, the supernatant solution could 
also be stored for at least several weeks in the frozen condition. 
Procedure—A_ solution containing approximately 0.1 umole of uracil, 
the activity of which had been determined as an infinitely thin film, was 
evaporated to dryness in the outside chamber of a Conway microdiffusion 
dish under an infra-red lamp. 0.2 ml. of glycylglycine buffer (0.25 m, pH 
8.9), 0.02 ml. of methylene blue (2.67 & 107% m), and 0.3 ml. of the uracil 
oxidase were added. In the central chamber was placed a tared steel 
counting dish containing a solution of Ba(OH), in slight excess of the ex- 
pected quantity of CO2, and a drop of phenolphthalein indicator. The 
unit was sealed and incubated at 26° with gentle agitation for 1 hour. 
The amount of enzyme added was sufficient to oxidize over 95 per cent of 
the uracil present in 30 minutes as determined spectrophotometrically 


!'The strain of Mycobacterium was obtained from Dr. Hayaishi, towhom the author 
is also indebted for helpful discussions. 
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(9). At the end of the incubation period the unit was opened slightly, 
and 4 mg. of urease, 0.1 ml. of glycylglycine buffer (0.5 mM, pH 8.9), 5 umoles 
of sodium barbiturate, and 1 ml. of the barbiturase preparation were added 
quickly. The unit was again sealed and allowed to incubate for 1.5 hours. 
The quantity of enzyme used was sufficient to degrade over 95 per cent of 
the added barbituric acid in 45 minutes as determined spectrophotomet- 
rically (9). When the incubation was completed, excess 0.2 N H»SO, was 
added to the outer chamber, and the liberated CO, was allowed to diffuse 
into the central dish for several hours. The barium carbonate was then 
dried under an infra-red lamp and counted, corrections being made for 
self-absorption. 

It is advisable to duplicate the entire procedure by degrading a known 
sample of C-2-labeled uracil as a control in parallel with the unknown 
sample. 

Distribution of C“ in Soluble, Lipide, Nucleic Acid, and Protein Fractions 
of Developing Embryo—The percentage distribution of the CO. metab- 
olized during the 5 hour incubation period by the unfertilized egg, the 
blastula, the gastrula, and the neurula is shown in Table I. 

There was no consistent change in the dry weight of the lipide and 
protein fractions at the various stages. The lipide content of all stages 
examined varied between 320 and 400 mg. per 1200 eggs, and the protein 
content varied from 880 to 1020 mg. per 1200 eggs. These data are con- 
sistent with those reviewed by Needham (10), who noted that, in Rana 
temporaria, approximately 60 per cent of the dry weight of the eggs was 
protein and 21 per cent lipide. Practically no fat disappears from the 
amphibian egg before hatching. Gregg and Ballentine (11) reported that 
the total nitrogen content of Rana pipiens embryos remained nearly 
constant throughout development. The average total nitrogen of the 
jelly-free embryo at the beginning of development was 162 y, of which 
approximately 4 y resided in the total non-protein nitrogen fraction. 

From 2 to 5 per cent of the radioactivity offered was incorporated by 
the embryos. The absolute amounts taken up at each stage could not be 
calculated from the data obtained for the following reasons. The carbon- 
ate content of the embryos varied considerably at different stages (12) 
and was not determined in these exploratory experiments. In addition, 
the carbon dioxide produced by the neurula during the 5 hour incubation 
was much greater than that produced by the unfertilized egg (12). Fi- 
nally, although the C"™ content of the incubation mixture was held approxi- 
mately constant, the amounts of carbonate added varied by a factor of 2. 
However, some approximations could be made. In one experiment at the 
neurula stage, the specific activity of the carbonate remaining in the 
medium after completion of the incubation was determined and found to 
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be 0.09 X 10° ¢.p.m. per mg. of BaCO;. The initial specific activity of 
the added carbonate was 2.38 X 10° c.p.m. per mg. in a total quantity of 
3.5 mg. Thus the added carbonate was diluted approximately 26-fold, 
and about 90 mg. (as BaCO;) were contributed to the medium by the 
carbonate present in the jelly and the embryo, and produced by respira- 
tory activity. If it is assumed that this added carbonate was contributed 
to the medium at a uniform rate throughout the incubation, then the 
average specific activity of the medium was 0.31 X 10° c.p.m. per mg. of 


TABLE 
Per Cent Distribution of C'% during Amphibian Development 


The number of experiments at each stage is indicated in parentheses. The total 
counts incorporated were calculated by summing the counts in the four fractions 
isolated. All the counts were corrected for self-absorption. 


Stage of development 
Unfertilized (3) Blastula (3) Gastrula (2) | Neurula (2) 
per cont won 1 
71-75 45 -54 32-41 16 -21 
0.1- 0.4 0.5- 0.7 0.9- 1.2 0.3- 0.6 
Nucleic acid........... 21 -25 33 -48 45 -52 53-58 
7 -13 14 -15 21 -32 
Total ¢.p.m. incorpo- 
1.6-2.5 &X 10° 2.3-3.0 x 10° 2.3-2.8 x 10°3.5-4.4 x 105 
Total initial e¢.p.m. 
in medium*........ 6.8-8.3 & 10° 


* The added radioactive carbonate varied from 2 to 4 mg. as BaCQO, per vessel. 


BaCO3. Since 0.35 & 10° ¢.p.m. were recovered in the eggs, approximately 
1.1 mg. of carbonate (as BaCQOs;) were fixed by the 1200 neurula. 

It appeared probable that only the uncharged molecules of dissolved 
carbon dioxide could penetrate the egg membranes since, in preliminary 
experiments run at a pH of 9, almost no radioactive carbonate was incor- 
porated. Similar results have been obtained with sea-urchin eggs (13). 

In several experiments, after the incubation period was over some of the 
eggs were allowed to hatch and were normal in appearance. 

Radioactive Components of Soluble Fractton—The nature of the com- 
pounds present in the soluble fraction was examined by the chromato- 
graphic and radioautographic techniques. In Fig. 1 are shown diagram- 
matically the positions on the two-dimensional chromatogram of all the 
active materials found in the soluble fractions of the developing embryo. 
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Radioactive aspartic, glutamic, malic, citric, fumaric, succinic, and ureido- 
succinic acids were identified. An insufficient amount of the ureidosuccinic 
acid was present to respond to the p-dimethylaminobenzaldehyde reagent 
for the ureido group (14). It was further identified by eluting the material, 
and converting it to 5-acetic acid hydantoin by adding 5 ml. of 6 x HCl 
and heating almost to dryness (15). After repeating the acid treatment 
three times, the material was chromatographed with an authentic sample 
of 5-acetic acid hydantoin,? and again the radioactive material coincided 
with the carrier added. 

Hydantoin derivatives may be rendered visual on paper chromatograms 
by spraying the paper with the ninhydrin reagent, heating it for 15 minutes 


T tRF=0.3 

2 

| © 
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Fig. 1. Diagram of the positions on the chromatogram of the radioactive com- 
ponents in the soluble fraction of the developing frog embryo. The following abbre- 
viations are used: aspartie acid, A; glutamic acid, G; malic acid, VW; succinic acid, 
S;fumaric acid, citrie acid, C; ureidosucecinie acid, The dotted circles indicate 
the positions of unidentified compounds. The chromatogram was developed first 
with the basic solvent (ammonia-propanol-water) and then with the acidic solvent 
(formic acid-amyl alcohol-water). 


at 70-80°, and finally spraying with a 5 per cent ammoniacal silver nitrate 
solution. The whole paper immediately turns brown except for the hy- 
dantoin area, which remains colorless. Pyrimidine derivatives also re- 
spond to this reagent. 

The percentage distributions of C™ in the various compounds isolated 
were determined by elution of the spots with three 5 ml. portions of hot 
water, the extracts being plated and counted directly. The activity was 
then compared to the original activity of the aliquot placed on the paper. 
Since from only 70 to 82 per cent of the activity could be accounted for in 
this manner, the results, shown in Table II, are approximations. 

The following changes in the isotope concentrations of the compounds 


? The writer wishes to thank Dr. Irving Lieberman for the sample of 5-acetie acid 
hydantoin. 
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isolated at the various stages appeared to be significant. Aspartic acid, 
which accounted for almost 60 per cent of the isotope in the unfertilized 
egg, accounted for only about 12 per cent in the blastula and 18 per cent 
in the gastrula, and then increased again to about 38 per cent in the neu- 
rula. This decrease and subsequent increase in activity were paralleled 
by a decrease and increase in the relative amount of aspartic acid present 
as determined by visual examination of the intensity of the ninhydrin 
spots. Concomitant with the drop in the activity of the aspartic acid, 
there was a sharp rise in the amount of the isotope in unknown Compound 
1, which increased from 0.3 per cent in unfertilized eggs to 14 per cent in 


II 


Per Cent Distribution of C* in Soluble Fraction 


Stage of development 
| 


| Unfertilized | Blastula | Gastrula | Neurula 

| per cent | per cent | per cent | per cent 
| 0.6 1 4 4 
| 0.5 | 0.5 0.6 
Ureidosuccinie acid. | | 3 5 
Unknown Compound 1................. 11 
| 4 | 6 | 7 10 


* The compound was not detectable in the aliquots used. 


the blastula and 11 per cent in the gastrula but which could not be detected 
in the neurula. Citric and ureidosuccinie acids, which could not be de- 
tected in the unfertilized eggs, were detectable in later stages. 

The data presented in Table II were obtained from single experiments 
at each stage. Visual examination of the radioautographs from duplicate 
experiments indicated a very similar distribution to that presented above. 

With respect to the unknown compounds indicated in Fig. 1, the follow- 
ing may be said. Unknown Compound 1 was found both in the ether 
extract (as were the acids of the tricarboxylic acid cycle) and in the 90 per 
cent methanol-soluble fraction. The compound failed to react with the 
following spray reagents: bromocresol purple for acids, ninhydrin for 
amino acids, 2,4-dinitrophenylhydrazine for keto groups, p-dimethyl- 
aminobenzaldehyde for ureido derivatives, Folin-Wu reagents for reducing 
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sugars, Pauly reaction for imidazoles, Sakaguchi reaction for guanidino 
derivatives, and ammoniacal silver nitrate for dihydroxy compounds. 
There was no detectable absorption or fluorescence under ultraviolet light. 
The composition of the reagents used is described by Block et al. (14). 
Of course, the failure to react with any of the above reagents may have 
been due to the presence of an insufficient quantity of the material. 
With this in mind, the unknown compound was chromatographed with 
the following compounds, none of which coincided with the radioactive 
material: urea, creatine, creatinine, guanidinoacetic acid, arginine, citrul- 
line, proline, hydroxyproline, B-alanine, asparagine, glutamine, ureidosuc- 
cinic acid, ureidoglutaric acid, glyceraldehyde, glyceric acid, and tartaric 
acid. It was found that the compound responded to the ninhydrin-am- 
moniacal silver nitrate spray previously described. However, it did not 
migrate with dihydrouracil, hydantoin, hydantoic acid, or 5-acetic acid 
hydantoin. It was stable to hydrolysis in 1 N HCl (1 hour, 100°), and 
was absorbed on Dowex 1 and eluted with dilute HCl. Further attempts 
to identify the compound are being made. 

Unknown Compound 2, found in the 90 per cent methanol-insoluble 
fraction, and which moved only slightly in either solvent, appeared to 
consist of several components whose Rr values were very similar. It may 
represent a mixture of phosphate esters. The amount present increased 
gradually during embryonic development but was always a relatively 
minor component; no attempt was made to identify it further. 

Unknown Compound 3 was present only in faint traces and was found 
in the ether-soluble fraction. 

Unknown Compound 4 was found in the ether-soluble fraction and 
reacted as an acid to bromocresol purple. Chromatography with glutaric, 
methylsuecinic, and itaconic acids indicated non-identity. The position 
on the chromatogram and its stability to autoclaving for 30 minutes indi- 
cated that it was not any member of the tricarboxylic acid cycle. 

Radioactive Components of Nucleic Acid Fraction—At all stages, between 
85 and 90 per cent of the total activity of the nucleic acid fraction could be 
recovered in the hydrolysate. Following chromatography, only six 
radioactive components could be found. They were adenine, guanine, 
uracil, cytosine, thymine, and an unknown compound. In the aliquots 
used, thymine could be detected (both by ultraviolet absorption and 
radioactivity) only in the gastrula and neurula stages. The unknown 
radioactive compound (representing 10 to 15 per cent of the total activity) 
moved near guanine and could be detected in the blastula stage but not 
in the unfertilized egg or neurula. A trace was found to be present in the 
gastrula stage. It has no detectable ultraviolet absorption. 

Typical radioautographs of the hydrolyzed nucleic acid fraction are 
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shown in Fig. 2. Examination of the relative darkening of the film pro- 
duced by the radioactive compounds present shows that marked changes 
occurred in the distribution of the activity as embryonic development 


Ay C 


A 


Fig. 2. Radioautographs of the chromatograms produced from the hydrolyzed 
nucleic acid fractions of the frog embryo. Plate 1 is from the unfertilized egg, Plate 
2 from the blastula, Plate 3 from the gastrula, and Plate 4 from the neurula. The 
chromatograms were developed in a manner identical to that described in Fig. 1. 
The following abbreviations are used: adenine, A; guanine, G, cytosine, C; uracil, 
U; and the unknown compound, X. 


progressed. The specific activities of the purines and pyrimidines were 
then determined by elution of the compound with 0.005 x HCI, the amounts 
present being estimated spectrophotometrically and by plating and count- 
ing an aliquot. Adenine was measured at 260 my, with an extinction 
coefficient of 13,000; guanine at 248 mu, « = 11,000; evtosine at 275 mg, 
e = 10,120; and uracil at 260 my, « = 8920. An HCl extract of the paper 
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was employed as a blank. Duplicate determinations of the specific activi- 
ties agreed within 15 per cent. The aliquots used for the determination 
contained between 0.05 and 0.1 umole of purine or pyrimidine per ml. 
Possible contamination of the isolated compounds with other ultraviolet- 
absorbing material was checked at each stage by determining the ratios 


III 
Specific Activities of Purines and Pyrimidines during Development 


The values given are the average of two determinations from separate chromato- 
grams. The duplicate determinations did not differ by more than 15 per cent. The 
unit (counts per minute per 0.05 umole) was chosen because approximately 0.05 
umole of the compounds was used for the analytical determinations. The relative 
specific activities are based in each instance upon uracil as 100. 


Experiment 1 Experiment 2 
Stage of Compound | 
development Relative Relative 
Unfertilized Uracil 379 ~=—s«100 151 | 100 
_ Cytosine | 3 1 2 1 
Adenine 161 42 9] 60 
| Guanine | | 14 30 20 
Blastula Uracil | 875 | 100 723 
Cytosine | 147 So 12 
Adenine | 35 4 26 4 
Guanine | 9 | 71 10 
Gastrula Uracil | | 100 | 100 
| Cytosine | 160 | 3 | 123 | 23 
Neurula Uracil 100 «i100 
Guanine 


of the extinction coefficients at 250, 260, and 280 mu. The ratios agreed 
satisfactorily with those reported by Hotchkiss (16). 

The specific activities of the purines and pyrimidines are shown in Table 
III. In all stages, uracil was the most active compound present. The 
relative specific activities varied with the stage of development. In the 
unfertilized egg, cytosine showed practically no activity and adenine was 
about one-half and guanine one-sixth as active as uracil. In the blastula, 
uracil was still most active, but cytosine was relatively more active than 
guanine, which in turn was more active than adenine. In the gastrula 
and neurula, cytosine and adenine were approximately one-fourth, and 
guanine one-sixth, as active as the uracil. 
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Although no great effort was made to see whether the purines and 
pyrimidines could be quantitatively recovered from the hydrolysate, the 
results from all four stages examined indicated that, although adenine was 
present in somewhat greater amounts than the other compounds, the ratio 
of adenine to guanine or pyrimidine did not exceed 1.5:1. These results 
indicate that there was no extensive pool of any purine or pyrimidine pres- 
ent to cause the observed differences in the relative specific activities, 
The specific activity of the thymine was not determined because of the 
very small amounts present in aliquots which could be adequately sepa- 
rated by chromatography. 


TaBLe IV 
Distribution of C'* in Uracil during Development 


The degradation procedure is given in the text. All of the carbon dioxide derived 
from the uracil following the enzymatic treatment was counted as BaCOs, and was 
considered to be derived from the C-2 position. All the counts were corrected for 
self-absorption. Sufficient counts were made to reduce the statistical error to less 
than 2 per cent. 


Stage of development Uracil BaCO, 

c.pm. c.p.m. per cent 
Unfertilized eggs. . 1 472 382 81 
2 701 595 S5 
Blastula... 1 SOG 717 SO) 
Gastrula |. 1 708 637 
2 905 742 
1 1780 1530 S6 
2 1540 1202 78 
Authentic uracil-2-C™. _. 1 1106 995 90) 

2 


1106 93 


Degradation of Uracil—The uracil was eluted with water from the 
chromatograms and the total number of counts present was determined. 
An aliquot of the solution was then degraded by the procedure described. 
The results are shown in Table IV. Radioactive uracil labeled in the 
C-2 position® with C™ was degraded as a control. It can be seen that, 
with 0.1 umole quantities of the C-2-labeled uracil, over 90 per cent of the 
activity was recovered in the CQOz liberated. The results indicate that, 
at all the embryonic stages studied, over 78 per cent of the C'™ was present 
in the C-2 position of uracil. Considering that the recovery from the 
control experiment was about 91 per cent, the true percentage in the C-2 
position would be even greater. No significant difference could be ob- 
served in the distribution of the label in the uracil at the various stages. 


’ The writer is indebted to Dr. Leonard Bennett for the sample of uracil-2-C™. 
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Radioactive Components of Lipide and Protein Fractions—The activity 
of the lipide fraction was very low at all stages examined and no attempt 
was made to fractionate the material. The most active protein fraction 
(from the neurula) was hydrolyzed with 6 n HCl by autoclaving (126°) 
for 15 hours. The HCl was remaeved by repeated evaporation in a vacuum 
desiccator over KOH. Even with the most active fraction, at least 1 
month was necessary to detect any radioactive compounds in aliquots 
suitable for chromatography. Active aspartic and glutamic acids could 
be identified. Traces of other active material were present, but their 
activity was extremely low and no further attempt was made to identify 
them. Their identification would probably be greatly facilitated by a 
preliminary fractionation of the protein in order to eliminate the yolk 
granules. 


DISCUSSION 


The frog egg is characterized by an almost complete self-sufficiency with 
respect to metabolic interactions with its environment. Provided with 
oxygen and an aqueous medium, the egg will develop into a young tadpole. 
Development during this ‘‘closed system” period thus proceeds with a 
rearrangement of the stored material of almost purely maternal origin. 

It is perhaps not surprising, therefore, that the previous attempts to 
label frog embryos by incubating the intact eggs in a medium containing 
radioactive phosphate (1), glycine (2), or methionine (3) have not been 
very successful. The present experiments have taken advantage of the 
permeability of the frog egg to carbon dioxide. It is not known whether 
there are any differences in the permeability to carbon dioxide at the 
stages examined, but such differences, if they exist, should not affect the 
relative distributions of the isotope. | 

In many ways the qualitative distribution of the isotopic CO» in the 
frog embryo is similar to what one would expect from the known reactions 
involving carbon dioxide fixation in mammalian tissue (17). The fixation 
of CO, into malic, oxalacetic, and oxalosuccinic acids with the subsequent 
operation of the tricarboxylic acid cycle would explain the detection of the 
isotope in the succinic, fumaric, malic, and citric acids. The presence of 
active aspartic and glutamic acids would be expected if the enzyme systems 
required for the transamination of oxalacetic and a-ketoglutaric acids were 
present. The fixation of CO. into the purines and pyrimidines of a variety 
of organisms has been described (18) but the enzymatic mechanisms re- 
main obscure. Ureidosuccinie acid has been postulated as an intermediate 
in pyrimidine synthesis (19) and Lieberman and Kornberg (20) have 
demonstrated the production of ureidosuccinic acid from orotic acid in 
bacterial extracts. To the author’s knowledge, ureidosuccinate has not 
previously been demonstrated in tissue. 
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No radioactive arginine has been detected in our experiments. The 
presence of active arginine would be expected if the Krebs ornithine cycle 
were in operation. Munro (21) has shown that ammonia excretion, pre- 
dominant in the tadpole, gives place during metamorphosis to a urea 
excretion, while at the same time there is a 20-fold increase in the liver 
arginase. Before these data can be fully accepted as indicating the absence 
of the Krebs ornithine cycle in the developing embryo, the absence of 
radioactive arginine in the protein fraction should also be demonstrated, 
No radioactive urea or creatine could be detected at any of the stages 
examined. These presumably would be present in the adult animal. 

The results of the examination of the relative distribution of the isotope 
in the cell-soluble, lipide, nucleic acid, and protein fractions of the embryo 
during development indicate that, even in the unfertilized egg, enzyme 
systems are present which are able to fix carbon dioxide. However, while 
the major portion of the activity in the unfertilized egg remains in the 
soluble fraction of the cell, the relative rates at which the active carbon of 
this ‘“‘pool”’ is converted to protein and nucleic acid carbon are increased 
as development proceeds. A somewhat similar conclusion was reached by 
Kutsky (1) in her study of the distribution of P® during amphibian develop- 
ment. She states that, at the onset of gastrulation, there is a marked 
shift of the P® from the acid-soluble fractions into the nucleic acid and 
other acid-insoluble fractions. 

After this manuscript had been completed, a study similar to the present 
investigation was reported by Flickinger (22). The incorporation of 
CQO, into the protein, lipide, deoxyribonucleic acid, ribonucleic acid, and 
trichloroacetic acid-soluble fractions of the developing frog embryo (Rana 
temporaria) was determined from the two-cell stage to the tail bud larvae. 
The unfertilized egg was not examined. The results obtained were very 
similar to the present researches. ‘The specific activity (counts per minute 
per mg. of carbon) of the acid-soluble fraction decreased during embryonic 
development, whereas the activity in the protein and nucleic acids in- 
creased. The lipide fraction remained low in activity in all stages. The 
composition of the cell fractions isolated was not examined. 

The significance of the accumulation of Compound 1 and its relationship 
to the decrease in activity of aspartic acid and the lesser accumulation of 
ureidosuccinate during the blastula and gastrula stages must await identi- 
fication of the unknown compound. The failure to find appreciable 
amounts of active citric acid in the unfertilized egg may be a reflection of 
a very low rate of operation of the tricarboxvlic acid cycle as compared to 
later stages. 

The distribution of the C™ in the nucleic acid fraction during develop- 
ment changes both quantitatively and qualitatively. In the unfertilized 
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egg, Where presumably no increase in the net amount of nucleic acid is 
occurring, from 21 to 25 per cent of the fixed C™ is present in this fraction. 
The isotope has been detected in the adenine, guanine, and uracil of the 
fraction, but very little, if any, is present in the cytosine. While the 
relative amount of C' fixed in the nucleic acid fraction increases gradually 
as development progresses to the neurula stage, considerable differences 
are noted in the relative specific activities of the purines and pyrimidines 
present. Uracil, however, always has the highest specific activity. 

Steinert (23) noted the presence of free hypoxanthine and guanine in the 
mature odcytes of Rana fusca and in Triton alpestris. These began to 
disappear after early gastrulation and were suggested to be precursors of 
adenine and guanine in the nucleic acids. This may explain the relatively 
low incorporation of carbon dioxide into the purines as compared to uracil. 
In our experiments, no radioactive free guanine or hypoxanthine has been 
detected at any stage. The significance of the extremely low activity of 
the cytosine in the unfertilized egg is not understood. The high specific 
activity of the uracil at all stages may possibly be due to an exchange 
reaction occurring at carbon 2 without involving resynthesis of the entire 
uracil molecule. 

It should be emphasized that the nucleic acids were not isolated as such, 
and the possibility remains that some of the results obtained may be due 
to the presence of small amounts of highly active nucleotides in addition 
to the ribonucleic acid (RNA) and deoxyribonucleic acid (IDNA) in the 
hot trichloroacetic acid extract. It should also be remembered that the 
results were obtained from an analysis of the whole organism; localization 
in the embryo of some of the observed changes would be of great interest. 
The stages of development studied were chosen arbitrarily. Intermediate 
stages may possibly show still other characteristics. 

Our results indicate that at least 78 per cent of the activity in the uracil 
is located in the C-2 position. Heinrich and Wilson (24) reported that, 
following the injection of radioactive carbonate into the rat, almost all the 
activity of the isolated uracil was present in the C-2 position, and the rate 
of incorporation of the isotope into the C-2 of uracil and the C-6 position 
of guanine was similar. On the other hand, Lagerkvist (25) found that 
carbonate enters the uracil of the regenerating liver of the rat to the same 
degree in both the C-2 and C-4 positions. However, the adequacy of the 
method used by Lagerkvist for the degradation of uracil has been ques- 
tioned (26). 

The gradual increase in the specific activity of the protein of the devel- 
oping embryo is perhaps what one would expect from the cytological 
evidence. The oécyte is laden with large amounts of presumably inert 
yolk granules whose substance is gradually incorporated into the ‘“‘active 
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protoplasm” of the embryo. The increased specific activity of the protein 
would result if the amino acids of the yolk protein pass through the soluble 
amino acid “pool” before being converted into the protein of the embryo, 
However, it is also possible that the conversion is more direct and the 
increased specific activity of the protein is due to the greater exchange of 
the completed protein with the amino acid ‘“‘pool.’”’? The presence of a 
variety of free amino acids in the frog egg and embryo has been described 
by Eakin, Berg, and Kutsky (27) and by Holtfreter, Koszalka, and Miller 
(28). 

These data serve to delineate some of the metabolic changes which 
accompany differentiation in the frog embryo. With respect to the 
general applicability of the results to other embryos, Hultin (29) has 
recently reported his results on the incorporation of C'-labeled carbonate 
into sea-urchin eggs. Carbon dioxide was fixed at all stages from the 
unfertilized egg through the gastrula, with an increase in the fixation 
mainly during blastula formation. The results obtained were similar to 
the present results in several respects. The specific activity of the pro- 
tein carboxyl carbon gradually increased during development. Only 
traces of activity could be found in the lipide fraction. Activity was 
found in the adenine and guanine of the RNA. On the other hand, aectiv- 
ity was also found in the free hypoxanthine of the cell, and there was a 
peak of activity in the soluble fraction during the blastula stage. How- 
ever, the two experiments are not directly comparable because, in Hultin’s 
researches, a trichloroacetic acid extraction was employed to obtain the 
soluble material of the cell, whereas aqueous methanol was employed in 
the present researches. 

The problem of the correlation of these chemical changes with the 
visible morphological changes remains. It is possible that a more intimate 
study of the location of these metabolic changes may help in achieving 
further progress. 


SUMMARY 


1. The metabolism of carbon dioxide during early embryonic develop- 
ment was studied. Eggs and embryos of the frog, Rana pipiens, were 
exposed to COs, and the distribution of the activity was determined. 
Four stages of development were examined: the unfertilized egg, the 
blastula, the gastrula, and the neurula. 

2. In the unfertilized egg, from 71 to 75 per cent of the activity was 
present in the soluble fraction, 21 to 25 per cent in the nucleie acid frac- 
tion, 3 to 4+ per cent in the protein, and less than 0.5 per cent in the lipide 
fraction. As development progressed from the unfertilized egg to the 
neurula, there were a marked lowering of the relative isotope content of 
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the soluble fraction and an increase in the relative activity of the nucleic 
acid and protein fractions. | 

3. The following radioactive compounds have been identified in the 
soluble fraction: aspartic, glutamic, malic, succinic, fumaric, citric, and 
ureidosuccinie acids. The accumulation of an unknown radioactive 
compound during the blastula and gastrula stages has been noted. 

4. The specific activities of the adenine, guanine, cytosine, and uracil of 
the nucleic acid fraction have been determined. Uracil is most active at 
all stages. Cytosine shows practically no activity in the unfertilized egg. 
The relative specific activities of these purines and pyrimidines differed at 
each stage of development. 

5. An enzymatic procedure for the degradation of 0.1 um quantities of 
uracil has been devised. At least 78 per cent of the activity of the 
uracil was found to be located in the C-2 position. 


The writer is indebted to Dr. Martin Kamen for helpful advice and 
criticism. 
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STUDIES OF THE NEW HAMPSHIRE CHICKEN EMBRYO 


III. NITROGEN AND LIPIDE ANALYSES OF ULTRACENTRIFUGAL 
FRACTIONS OF PLASMA* 


By OLE ARNE SCHJEIDE 


(From the Atomic Energy Project, School of Medicine, University of California at Los 
Angeles, Los Angeles, California) 


(Received for publication, March 8, 1954) 


A better understanding of the mode of lipide transport during embryonic 
development would seem to be of value to a wide range of biological in- 
vestigators. It is, therefore, surprising that no concentrated effort has 
been directed toward the elucidation of embryonic lipoproteins. In this 
country, aside from previous work done in our laboratory (1),! only Mar- 
shall and Deutsch (2) have specifically studied this class of substances in 
the embryo. They have shown that a large part of the lipide of the early 
chicken embryo (10 days of incubation) is associated with proteins which 
migrate in advance of the albumin when the serum is placed in an elec- 
trical field; in the later embryo and the adult most of the lipide is associated 
with proteins which migrate in the region of the a- and 6-globulins. 

Previous work in our laboratory has been concerned with the resolution 
and isolation of lipoproteins by means of the ultracentrifuge (1, 3). Such 
studies on the sera of embryo and adult chickens have revealed the presence 
of several classes of lipoproteins in terms of density. However, it is im- 
possible with the centrifugation technique to ascertain the composition of 
these lipoproteins. For a better definition of centrifugally resolved lipo- 
proteins, chemical analysis of the isolated components is essential. 

In the present work, nitrogen and lipide analyses of whole plasma and 
of conveniently isolated groups of lipoproteins have been made in a number 
of developmental stages. Comparison of the composition of the individual 
lipoproteins has been neglected in favor of study of group changes and of 
the relationship of such changes to developmental physiology. 

In addition to nitrogen and lipide analysis of lipoprotein groups from 
normal birds, determinations on lipoproteins from fasted and irradiated 
chicks are included in the data presented. 


* This article is based on work performed under contract No. AT-04-1-gen-12 be- 
tween the Atomic Energy Commission and the University of California at Los An- 


geles. 
! Unpublished results. Details of this study will appear in a future publication. 
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Materials and Methods 


The plasma for these studies was from New Hampshire chickens. For 
each experiment with embryos or chicks, blood was pooled from at least 
twelve birds. In the case of roosters and laying hens, eight animals were 
used in each experiment. 

To obtain the lighter lipoproteins (Lipoprotein I), the density of the 
plasma was increased to 1.063, by the addition of solid KBr (pH 7.7). The 
plasma was placed in a partition cell (3), which consists essentially of four 
plastic annular disks sealed together with a rubber base stop-cock grease. 
After centrifugation at 30,000 r.p.m. for 16 hours, the top quarter contained 
only those lipoproteins which float on a solution of density 1.063. This 
section was slipped off the column, thereby isolating the fraction. To 
obtain the heavier lipoprotein fraction (Lipoprotein II), the density of the 
plasma in the remaining three-quarters of the partition cells (Lipoprotein 
II and denser proteins) was increased to 1.21 by the further addition of 
KBr (pH 7.7), and the plasma was transferred to a new partition cell. 
Centrifugation for 16 hours at 30,000 r.p.m. floated the Lipoprotein II 
fraction into the top quarter of the partition cell. 

Total lipide analyses were accomplished by weighing the products of a 
solvent extraction procedure (4). The material was extracted with a 1:4 
mixture of methanol-methylal (redistilled reagents).2 The resulting solid 
residue was extracted with three 10 ml. portions of redistilled petroleum 
ether (b.p. 60—-70°). Tests for unbound lipide consisted of weighing the 
products of plasma extracted with 20 volumes of ether after gentle stirring. 

Total nitrogen analysis of whole plasma and centrifuged fractions was 
carried out by the micro-Kjeldahl method; it was found that with high 


concentrations of KBr a 5 per cent correction had to be added to the ni-— 


trogen values obtained. Non-protein nitrogen analyses of plasma were 
performed on the filtrate remaining after precipitation of protein with 
equal volumes of 20 per cent trichloroacetic acid. 

In certain experiments, 500 r. of whole body x-irradiation were admin- 
istered to chicks on the day of hatching, delivered with a 250 kvp. Picker 
unit.’ 

Results 


Total Lipide—The total lipide per ml. of whole plasma and the distribu- 
tion of that lipide between Lipoprotein I and Lipoprotein IT are shown for 


2 In one experiment the protein residue from the Delsal extraction procedure was 
reextracted with hot ethyl alcohol. No appreciable additional amounts of lipide 
were obtained by this procedure. 

3 The x-irradiation factors were 250 kv., 15 ma., 35 cm. target object distance, 0.21 
mm. of Cu inherent plus 0.5 mm. of Cu parabolic, plus 1.0 mm. of aluminum, half 
value layer = 1.9 mm. Cu center of parabolic filter. 
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the various age groups in Table I. The total plasma lipide increased with 
development, as did the lipide associated with the denser lipoproteins. 
However, the lipide of the lighter lipoproteins showed considerable fluctu- 
ation with age, the largest amount occurring at 18 days of incubation. 


TABLE 
Total Lipide of Whole Plasma and of Lipoprotein Fractions of Chicken Plasma 
Age Whole plasma Lipoprotein I Lipoprotein II 
mg. per mil. mg. per ml. whole plasma |mg. per ml. whole plasma 
Embryos | 
10 days | 12.0 9.0 3.2 
3 | (11.4-12.4) (8.6-9.2) (3.0-3.4) 
Fry 12.2 8.8 3.0 
(12.1-12.3) (7.2-9.0) (2.8-3.0) 
ilu | 13.3 9.4 3.1 
(12.0-14.0) (9.2-9.6) (2.8-3.6) 
14.6 11.5 3.4 
| (13.5-16.0) (10.8-12.2) (2.7-4.5) 
| 15.6 | 8.0 7.0 
| (15.0-16.8) | (7.1-8.1) (6.9-7.7) 
Chicks | | 
4 days, fed | 16.5 | 8.5 7.5 
| (16.0-17.0) | (8.1-8.9) (6.9-8.2) 
4° ** fasted | 12.2 | 6.8 6.9 
|  (11.2-13.2) | (6.0-7.6) (6.6-7.3) 
4 ‘ fed (500 r.) | 15.3 | 6.8 7.1 
| (14.1-16.4) (6.0-7.5) (6.6-7.5) 
4 fasted (500 r.) 15.5 7.6 7.5 
(15.3-15.8) (7.2-8.0) (7.0-8.2) 
7 wks. | 6.2 1.3 5.7 
| (5.4-6.8) (0.9-1.3) (5.4-6.0) 
Roosters | 5.1 | 1.3 3.8 
(6.05.1) | (1.1-1.4) (3.6-3.8) 
Laying hens | 15.6 | 9.9 | 4.2 
(15.5-15.6) | (9.8-10.0) (4.0-4..2) 


Each value is the mean of determinations on three groups of at least twelve ani- 
mals each except in the case of the x-irradiated 4 day-old chicks, the laying hens, 
and the roosters, for which two determinations were made on groups of eight to 
twelve animals each. Roosters and laying hens fasted for 12 hours before bleeding. 


Less than 1 per cent of the total plasma lipide was found to be present in 
the proteins remaining after removal of Lipoproteins I and II. No sig- 
nificant amount of free lipide was present at any stage. No detectable 
lipide was detached from the lipoproteins during centrifugation. 
Nitrogen—The total plasma nitrogen increased throughout the growth 
period with an especially abrupt rise between 18 and 21 days of incubation 
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(Table II). The nitrogen of the denser lipoproteins displayed a similar 
sharp increase during the 18 to 21 day incubation period, but the nitrogen 
of the lighter lipoproteins showed only slight fluctuations during develop- 


TABLE IIT 
Total Nitrogen of Whole Plasma and of Lipoprotein Fractions of Chicken Plasma 
Age Whole plasma Lipoprotein I Lipoprotein II 
mg. per ml. mg. per ml. whole plasma |mg. per ml. whole plasma 
Embryos 
10 days 1.24 0.29 0.26 
(1.23-1.26) (0.29-0.30) (0. 24-0. 27) 
1.48 0.29 0.24 
(1.45-1.50) (0. 28-0. 30) (0. 23-0. 25) 
| 1.94 0.31 0.30 
(1.91-1.95) (0.30-0.36) (0.30-0.31) 
Sis 2.00 0.32 0.40 
(1.90-2.04) (0.29-0.34) (0.39-0. 43) 
4.34 0.35 0.99 
(4.16-4.40) (0.32-0.39) (0.97-1.05) 
4.15 (Serum) 
Chicks 
4 days, fed 4.97 0.30 1.13 
(4.58-5. 40) (0.28-0.32) (1.10-1.16) 
4 ‘* fasted 6.25 0.43 0.99 
(6.05-6. 42) (0.41-0.44) (0.98-1.02) 
4 ‘* fed (500 r.) 4.97 0.29 0.96 
(4. 88-5. 06) (0. 26-0.30) (0.92-1.00) 
4 ‘* fasted (500 r.) 6.06 0.33 0.98 
(5.88-6. 22) (0.32-0.35) (0. 88-1 .07 ) 
7 wks. 4.82 0.09 0.83 
(4.63-5.02) (0.09-0.10) (0.81-0.84) 
Roosters 7.57 0.09 0.69 
(7 .31-7 .87) (0.09-0.09 ) (0.68-0.73) 
6.48 (Serum) 
Laying hens 7.54 0.34 0.75 
| (7.52-7.59) (0.34-0.35) (0.70-0.76) 
| 7.37 (Serum) 


See the legend to Table I. 


ment. 


Non-protein nitrogen amounted to 0.20 mg. per ml. of total plasma 


in the case of the 13 day embryo, 0.26 mg. in the 18 day embryo, and 0.26 
mg. in the newly hatched chick. The non-protein nitrogen in the case of 
the lipoprotein fractions was less than one-fourth of these values. 

Nitrogen to Lipide Ratios—A marked increase in the nitrogen-lipide ratio 
of whole plasma accompanied growth (Table ITI). 


Changes toward a 


higher ratio were also observed in the denser lipoprotein fraction as develop- 
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ment proceeded. ‘The lighter lipoproteins showed fluctuations in the nitro- 
gen-lipide ratio; these latter ratios, however, were quite constant for groups 
of a given stage. Lipoprotein I contained the most lipide; in the 18 day 
embryo the mean molecule consisted of 85 per cent lipide. Lipoprotein IT 
contained approximately as much lipide as protein. 

Physical Descriptions of Lipoproteins I and II—Lipoprotein I, in a milieu 
density of 1.063, upon centrifugation presented three diffuse boundaries, 
all moving toward the centripetal pole. (Some of the lipoproteins of this 
fraction could be separated by centrifugation at a milieu density of 1.00.) 
Ionophoretic patterns of this material at pH 8.7 indicated that it consists 


TABLE III 
Nitrogen-Lipide Ratios of Whole Plasma and of Lipoprotein Fractions of 
Chicken Plasma 
Age Whole plasma Lipoprotein I Lipoprotein II 

Embryos 

10 days 1:14.9 1:31.0 1:12.3 

1:8.3 1:30.3 1:12.5 

1:6.9 1:30.3 1:10.3 

ees 1:7.3 1:36.0 1:8.5 

1:3.6 1:22.8 ty 
Chicks 

4 days, fed 1:3.3 1:28.2 1:6.7 

4 ‘** fasted 1:1.9 1:15.8 1:7.0 

4 ‘* fed (500 r.) 1:3.2 1:23.5 1:7.2 

4 ‘ fasted (500 r.) 1:2.6 1:23.0 1:7.6 

7 wks. 1:1.3 1:14.4 1:6.9 
Roosters 1:0.7 1:14.4 1:5.5 
Laying hens 1:2.1 1:29.1 1:5.6 


of a diffuse range of particles in regard to both size and charge. The filter 
paper pattern consisted of a broad protein tongue extending from the start- 
ing boundary to a point just behind the slowest migrating discrete boundary 
seen in patterns of whole plasma. When the lipoprotein which floated at 
a density of 1.00 was removed from the Lipoprotein I group by centrifu- 
gation, the remaining lipoproteins showed a rather distinct peak, moving 
immediately behind the slowest migrating boundary seen in patterns of 
whole plasma. When the ionophoretically resolved lipoproteins corre- 
sponding to Lipoprotein I were stained for both lipide and protein, it was 
seen that all of the lipide was associated with material which took the pro- 
tein stain. A comparison of this band in the case of the centrifugally iso- 
lated Lipoprotein I fraction with the whole plasma pattern indicated that 
the material was not appreciably altered by centrifugation and that little 
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if any lipide had been shifted or removed from the lipoproteins by the cen- 
trifugation procedure. 

In contrast to Lipoprotein I, the proteins of Lipoprotein II presented, 
under centrifugal conditions, a single fairly discrete boundary, sedimenting 
at a rate of 2S when corrected to infinite dilution. Under specific condi- 
tions in vitro, this fraction took up enough additional lipide to sediment 
with the Lipoprotein I molecules.'. Ionophoretic studies of this fraction 
from newly hatched chicks and the 15 day embryo at pH 8.7 indicated a 
certain degree of non-homogeneity. In the plasma of the chick two dis- 
crete boundaries were seen, and in that of the 15 day embryo three bound- 
aries were visible. All of these took a lipide stain. In both cases the 
fastest migrating boundary was observed immediately behind the albumin. 
The fastest boundary also represented by far the greatest concentration of 
Lipoprotein IT molecules. 

Presence of Carbohydrate in Lipoprotein II—A carbohydrate test with 
anthrone was applied to whole plasma, the Lipoprotein I fraction, the 
Lipoprotein II fraction, and the fraction containing proteins denser than 
Lipoprotein II. It was found that most of the carbohydrate was present 
in the Lipoprotein II fraction; much less was seen in the dense protein 
fraction and very little was detectable in the Lipoprotein I fraction. 


DISCUSSION 


During the Ist week of incubation, the chief source of energy for the 
chick embryo appears to be carbohydrate (5-7). From the 7th to 11th day 
of incubation, protein is a major source of energy (6). Only after 11 days 
of incubation does lipide become the primary fuel (5, 6). 

Roughly correlated with the increase of fat utilization in the yolk and 
white (5) are increases in the total plasma lipide and lipoprotein of the 
embryo, as found by Schechtman (8) and Schjeide and Deutsch (1). Dur- 
ing this time there also occurs a rapid increase in the size of the liver. The 
liver probably synthesizes lipide from other sources and possibly produces 
materials which aid in the transport of the yolk and white lipides. 

The present studies add to the meager information on lipide metabolism 
in the embryo. They show that in embryos 18 days and younger most of 
the plasma lipide is present in the lighter (Lipoprotein I) fraction. How- 
ever, by the time of hatching, the lipide is almost equally divided between 
the lighter and denser lipoproteins. Relative to the total solids of the 
plasma and to the body weight (9), both lipide and Lipoprotein I are pres- 
ent in greatest concentration in the youngest embryos studied. These 
relatively greater amounts of Lipoprotein I in the younger embryos cor- 
relate with the growth rate, which is greater in the early stages of develop- 
ment. Conversely, Lipoprotein II molecules increase in the circulation as 
the growth rate is slowed. 
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Factors Affecting Nitrogen-Lipide Ratios in Lipoproteins—F asting sharply 
increases the nitrogen-lipide ratio in the Lipoprotein I fraction from chicks 
4 days old (Table III). No change is observed in the nitrogen-lipide ratio 
of the Lipoprotein IT fraction. The number of available lipide-binding 
polypeptide units may be another factor influencing the nitrogen-lipide 
ratio of Lipoprotein I. The sharp increase in total plasma nitrogen oc- 
curring between the 18th and 21st day of incubation is accompanied by a 
decrease in the lipide associated with Lipoprotein I and a corresponding 
increase in the lipide from Lipoprotein II. The rate of utilization of lipide 
by the embryo may also influence the nitrogen-lipide ratio, as suggested by 
our experiments with x-irradiation. 

Effect of x-Irradiation on Lipoproteins—Administration of 500 r. of x- 
irradiation to the fasted chick on the Ist day after hatching resulted in 
changes in the composition of the Lipoprotein I fraction by the 4th day; 
the amount of lipide was apparently zncreased over that in thenon-irradiated 
animal, but the nitrogen was markedly decreased despite a continued high 
total plasma nitrogen. Preliminary studies show that C'-labeled oleate 
is more slowly incorporated into the lipoprotein fractions (especially Lipo- 
protein I) when the animal has received 500 r. of x-irradiation.! 


SUMMARY 


Total lipide and total nitrogen determinations were made on whole 
plasma and lipoprotein fractions of the plasma of chicken embryos, chicks, 
roosters, and laying hens. The nitrogen and the lipide of whole plasma 
both increased during the incubation period, the nitrogen increasing at a 
more rapid rate, especially during the last 3 days of incubation. After 
hatching, the nitrogen of the plasma continued to increase, whereas the 
lipide had decreased markedly by the time the chick was 7 weeks old. 

Of the two lipoprotein fractions investigated, the lighter (Lipoprotein I) 
contained the most lipide, but displayed the more varying nitrogen-lipide 
ratios during development. A striking rise in the nitrogen-lipide ratio of 
this fraction was induced in the 4 day chick by fasting; this rise was much 
less marked after 500 r. of whole body x-irradiation. The plasma of 7 
week-old chicks and roosters contained very small amounts of Lipoprotein 
I, but the laying hen displayed as much of this material as did the embryo. 

Lipoprotein II was found to be present in relatively small but increasing 
amounts up to 3 days before hatching. However, between 18 days of in- 
cubation and the time of hatching, Lipoprotein IT almost tripled in amount 
and remained in relatively high concentration in all older animals. The 
lipide-nitrogen ratios of this component fell into different classes at dif- 
ferent stages, even though the sedimentation rate for this component in 
each age group was the same. An appreciable amount of carbohydrate 
appeared to be present in this fraction. 
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STUDIES OF THE MOBILITY OF RIBONUCLEASE BY 
ZONE ELECTROPHORESIS* 


By ARTHUR M. CRESTFIELD anp FRANK WORTHINGTON ALLEN 


(From the Department of Physiological Chemistry, University of California School 
of Medicine, Berkeley, California) 


(Received for publication, May 28, 1954) 


The electrochemical properties of ribonuclease have been studied rela- 
tively little. Rothen (1), by the use of free boundary electrophoresis, 
found the isoelectric pH to be 7.8 in phosphate buffer of ionic strength 
0.055. An isoelectric pH of 9.5 which was observed in borate buffer of 
ionic strength 0.03 was not considered valid because of possible denatura- 
tion. The value of pH 7.8 in 0.055 ionic strength phosphate buffer has 
been verified by Alberty et al. (2, 3). In Veronal and glycine buffers of 
0.01 ionic strength, the isoelectric pH of 9.45 was reported by Alberty et 
al. to be in essential agreement with the data of Rothen in borate. 

In certain studies concerned with protein-protein interactions (4-6) as 
well as with comparative protein properties in which ribonuclease was one 
of the components, 7.8 has been employed for the isoelectric pH without 
regard for either the buffer species or the ionic strength. Both factors 
have been emphasized as important by many investigators (7-15). 

The present investigation of the mobility of ribonuclease in filter paper 
with use of buffers of various pH values, species, and ionic strengths offers 
further information concerning the conditions under which ribonuclease 
is immobile in an electric field. 


EXPERIMENTAL 


Crystalline ribonuclease was purchased from the Armour Laboratories 
(lot 9044X). <A 4 per cent solution in distilled water was prepared, which 
was stored at —20° between experiments. 

The velocity of migration of zones formed from 2.5 ul. of the 4 per cent 
solution in Whatman No. 3 MM filter paper was measured in an electro- 
phoresis apparatus developed in this laboratory.!_ Caffeine was chosen as a 
standard of reference in order to determine the velocity of electroosmotic 
flow. The movement of ribonuclease was followed by the use of bromo- 
phenol blue (16), while the movement of caffeine was followed by the pho- 
tographic method of Markham and Smith (17), with the modifications 


* Supported in part by a grant-in-aid, No. RG-2496, United States Public Health 
Service, and by Cancer Research Funds of the University of California. 
1 Crestfield, A. M., and Allen, F. W., unpublished work. 
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described by Smith and Allen (18). Results are expressed in terms of 
mobility units (em.? per volt per second X 10°). In practice the movement 
relative to caffeine is obtained by subtraction of the measured movement 
of caffeine from that of the ribonuclease. The figure so obtained is divided 
by the time of migration in seconds and the field strength in volts per cm. 
to yield the movement in mobility units. 


o TY2=0045 Ammonia-Phosphoric Acid 
0090 Pyridine-Phosphoric Acid 
Triethanol Amine-Acetic Acid 


Phosphoric Acid-NoaOH 
Ammonia-Acetic Acid 
Acetic Acid-NaOQH 
Boric Acid-NoOH 


Mobility (cm?/v/sec x 10°) 
(+) lon (-) lon— 
— O 
Mobility (cm*/v/sec x 10) 
(+) lon (-) lon 


1 i a 1 1 1 i i 
5 6 7 8 4 5 6 7 8 9 iO ot 
pH pH 
Fia. 1 Fia. 2 


Fic. 1. Mobility of ribonuclease in sodium phosphate buffers at varying pH and 
a constant ionic strength in Whatman No. 3 MM filter paper. Caffeine used as zero 


mobility reference substance. 
Fic. 2. Comparison of mobilities of ribonuclease in various buffers at constant 


ionic strength (0.2) in Whatman No. 3 MM filter paper. Upper curve, phosphate 
ions; lower curve, various monovalent ions. 


Results 


The effect of ionic strength on the isoelectric pH in phosphate buffers is 
shown by the family of curves which are presented in Fig. 1. Each curve 
represents the mobility of the main component of ribonuclease in sodium 
phosphate buffers at varying pH and constant ionic strength. By inter- 
polation from Fig. 1 an isoelectric pH of 7.6 at ionic strength 0.055 is ob- 
tained. This compares favorably with the value of pH 7.8 reported by 
Rothen (1) and Alberty et al. (2) by the use of free boundary techniques. 
A marked decrease in isoelectric pH from 7.8 at ionic strength 0.045 to 5.9 
at ionic strength 0.36 is notable. 


| 
| 


A. M. CRESTFIELD AND F. W. ALLEN 365 


The relative réle played by phosphate ions in this behavior may be seen 
in Fig. 2, where a comparison between mobilities in phosphate buffers and 
that which is observed in a variety of monovalent ion buffers is presented. 
In this instance the ionic strength is kept constant at 0.2 and the pH varied. 
The isoelectric pH values of 6.4 in phosphate buffer and of 9.1 in ammonia- 
ammonium acetate buffer demonstrate the differential effect of the ionic 
species upon the electrical properties of ribonuclease. 


DISCUSSION 


The immediate stimulus for the present work was the chromatographic 
separation of crystalline ribonuclease into two active components by Hirs, 
Moore, and Stein (19). Their separation was accomplished by the use of 
phosphate buffer at pH 6.47 and 0.36 ionic strength. The possibility that 
isoelectric point differences might play a réle has been studied here. The 
data show that the ribonuclease species are closer to the isoelectric condi- 
tions than would have been anticipated from previous data. 

At-this point it may be well to note that, in the electrophoretic systems 
employed here, ribonuclease shows some heterogeneity. A minor compo- 
nent always appears to have a greater negative charge or is adsorbed on 
the filter paper to a greater extent and hence appears as a part of the tail 
of the major component. The B component isolated by the column pro- 
cedure migrates similarly to the minor zone. Details of the procedure will 
be the subject of a later communication. 

The similarity of the data shown in Fig. 1 for ribonuclease to that of 
Velick (9, 10) for the enzymes aldolase and p-glyceraldehyde phosphate 
dehydrogenase permits the interpretation that ribonuclease binds phos- 
phate ions extensively. An equivalent binding for monovalent ions is not 
ruled out, nor is there any inference with regard to the relative strengths 
of ion binding. The results do show that certain properties of proteins, 
which may have importance in the design of fractionation systems, may be 
rapidly and conveniently estimated under any desired set of conditions. 
Furthermore these properties may be measured with mg. quantities of the 
protein. 

The isoelectric pH values that have been obtained show satisfactory 
agreement with existing data that have been derived by free boundary 
methods. This fact suggests that, qualitatively, the behavior of ribo- 
nuclease in zone electrophoresis has not been appreciably influenced by the 
presence of the filter paper. Ribonuclease is observed to move toward the 
cathode with respect to the filter paper, but at a rate which varies with the 
medium. This movement is a vector summation of the mobility of ribo- 
nuclease and the velocity of electroosmosis. As a result of this cathodic 
movement even when ribonuclease is negatively charged, any irreversible 
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adsorption to the filter paper is seen as a tail which leads to the point of 
application. Any reversible adsorption, with respect to the time of mi- 
gration, would be noted as a lower rate relative to the paper. Thus a 
higher mobility as a negative ion would be assigned than if no adsorption 
had occurred. It would then be necessary in the present case for phos- 
phate ions to increase the adsorption on the paper to a greater extent than 
do monovalent ions. Any interpretation of the shapes of the mobility 
versus pH curves would require further study of the molecular properties 
of ribonuclease. 


SUMMARY 


1. The isoelectric pH of crystalline ribonuclease in 0.055 ionic strength 
phosphate buffer is found by paper electrophoresis to be 7.6, in approxi- 
mate agreement with the value of 7.8 previously reported from free bound- 
ary experiments. 

2. A marked binding of phosphate ions is shown by the decrease in the 
isoelectric pH from 7.8 at ionic strength 0.045 to 5.9 at ionic strength 0.36. 
This binding is confirmed by comparison in monovalent buffers. 

3. Zone electrophoretic analyses in which only mg. quantities of the pro- 
tein are required are shown to permit the comparison of the behavior of a 
protein under a variety of conditions. 
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NON-UNIFORM LABELING OF INSULIN AND 
RIBONUCLEASE SYNTHESIZED IN VITRO 


By MARTHA VAUGHAN* anp CHRISTIAN B. ANFINSEN 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart Institute, 
National Institutes of Health, United States Public Health Service, Bethesda, 
Maryland) 


(Received for publication, May 3, 1954) 


Previous studies with ovalbumin synthesized in vitro in the presence of 
a radioactive label yielded evidence of non-uniform labeling of residues of 
the same amino acid isolated from different positions in the protein mole- 
cule. Such data were obtained in experiments with aspartic acid, glutamic 
acid, alanine (1), serine, glycine, and cysteine (2). These observations 
lent support to the concept of protein formation as a stepwise process in- 
volving the formation of intermediate compounds. 

In order to determine whether this phenomenon is confined to ovalbu- 
min or is common to other protein species, similar studies have been under- 
taken on insulin and ribonuclease. In selecting proteins for investigation, 
it was necessary that the protein could be (1) synthesized in the presence 
of a labeled amino acid, (2) obtained as a pure substance, and (3) degraded 
in a manner allowing the separation of specific amino acid residues, pref- 
erably in known sequence. Insulin fulfils these criteria, making known 
precisely the position in the peptide chains of each residue isolated (3-6). 
Preliminary studies on the structure of ribonuclease (7) have made it pos- 
sible to fulfil all of these requisites for at least a portion of the molecule. 

The data presented below indicate that in both insulin and ribonuclease, 
as in ovalbumin, there was unequal labeling of residues of the same amino 
acids isolated from different parts of the molecule. The specific activities 
of both the glycine and serine residues in the two chains of insulin were 
different, and there appeared to be significant differences in the labeling 
of the glycine residues within the B chain. Non-uniform labeling of differ- 
ent phenylalanine residues was observed in ribonuclease. 


Methods 


Preparation and Degradation of Labeled Insulin—Approximately 10 gm. 
of calf pancreas slices were incubated for 4 hours at 37° in 50 ml. of medium 
(NaHCO; 40 mm, NaCl 37.5 ma, KCl 77.5 mmo) containing about 100 uc. 


* This work was carried out during the tenure of a Fellowship in the Medical Sci- 
ences administered by the National Research Council for the Lilly Research Labora- 
tories. 
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of glycine-1-C™. After incubation, the flask contents were ground in a 
Waring blendor and lyophilized. Insulin was then isolated by a modifica- 
tion of the method of Pettinga.'. The lyophilized material was extracted 
for 1 hour at 28° with 40 ml. of 60 per cent aqueous ethanol, pH 1.9 (H.SO,). 
After centrifugation, the supernatant fluid was chilled to 0° and the residue 
extracted a second time. The residue from the second extraction was 
washed with the 60 per cent ethanol solution. The pH of the combined 
supernatant and wash solutions was adjusted to 3.4, and the solution was 
allowed to stand for 4 to 6 hours at 0°. Fat which separated at this stage 
was removed by centrifugation. Cold absolute ethanol was added to the 
clear supernatant fluid until the ethanol concentration was approximately 
93 per cent. An amount of dry ethyl ether equal to twice the volume of 
ethanol used was added at 4°. The precipitate was centrifuged and washed 
with ether. 

Ether was removed in vacuo and the crude protein precipitate dissolved 
in 10 ml. of 0.05 n HeSO, at 35°. Insoluble material was centrifuged and 
discarded. To the protein solution were added 100 mg. of crystalline beef 
insulin (Lilly) dissolved in 30 to 40 ml. of 0.05 N H2SO, at 35°, and the pH 
was adjusted to 5.0 with dilute sodium hydroxide. After gradual cooling, 
the solution was stored in the refrigerator for crystallization. The insulin 
was then centrifuged and washed and the procedure repeated. A large 
excess of unlabeled glycine was incorporated into the wash and acid solu- 
tions during the first two crystallizations, in order to dilute any free labeled 
glycine remaining at this stage. Further crystallizations were carried out 
by dissolving the insulin in 2 per cent acetic acid (volume per volume) and 
adjusting the pH to 5 with 0.85 per cent ammonia (volume per volume). 
The insulin was recrystallized to constant specific activity, usually requir- 
ing four to five crystallizations, with a final yield of 60 to 70 mg. 

Performic acid oxidation and separation of Fractions A and B was carried 
out as described by Sanger (8). Fraction A was hydrolyzed with 6 n HCl 
under 15 pounds pressure for 6 hours, and, after preliminary removal of a 
large part of the glutamic acid on a column of IR-4B ion exchange resin, 
the glycine and serine were isolated by paper chromatography.? After the 
first separation of the amino acids with use of 80 per cent phenol-water, 


1 We wish to thank Dr. C. W. Pettinga of the Lilly Research Laboratories for 
sending us this information. 

2 The solvent systems used for the amino acid separations were 80 per cent phenol- 
20 per cent water, 80 per cent pyridine-20 per cent water, and 70 per cent propanol- 
30 per cent water. Whatman No. 1 paper, which had been washed with dilute acetic 
acid followed by distilled water, was used for all chromatograms. The isolation of 
amino acids for specific activity determination by paper chromatographic methods 
has been discussed in detail elsewhere (1, 2). These studies have shown that such 
methods yield results with a standard deviation of less than 15 per cent. 
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the areas corresponding to proline and phenylalanine were eluted, concen- 
trated, and chromatographed again as a single spot. No proline or phenyl- 
alanine was detected in any of the preparations of Fraction A, indicating 
that there was no significant contamination of Fraction A with Fraction B. 

Fraction B was incubated with trypsin (Worthington) for 24 hours, 
after which the solution was acidified with acetic acid, causing precipitation 
of a large peptide containing the two 8-sulfoalanylglycine fragments (4). 
The precipitate was centrifuged, washed with dilute acetic acid, and hy- 
drolyzed with 6 N HCl under 15 pounds of pressure for 6 hours. Glycine 
and serine were isolated from the hydrolysate. The supernatant fluid 
from the trypsin digestion contained free alanine and the peptide, Gly.- 
Phe.Phe.Tyr.Thr.Pro.Lys, the composition of which was verified by chro- 
matography. ‘These were separated chromatographically with 80 per cent 
phenol-water and n-butanol-glacial acetic acid-water, 4:2:1, as solvents. 
After hydrolysis of the peptide in 6 N HCl, glycine was isolated chromato- 
graphically. 

The chromatographically pure glycine and serine residues were eluted, 
and the eluate was dried after the addition of 1 drop of 0.05 nN NaOH in 
order to remove traces of ammonia. The samples were taken up in water 
and made to 1.00 ml., and aliquots were taken for ninhydrin determinations 
which were carried out in duplicate by the procedure of Moore and Stein 
(9). Another aliquot was dried on a stainless steel planchet and counted 
as the free amino acid in the windowless flow counter designed by Robin- 
son. These methods and their reproducibility are discussed in greater 
detail in previous papers from this laboratory (1, 2). 

Preparation and Degradation of Labeled Ribonuclease—Approximately 10 
gm. of calf pancreas slices were incubated in medium (NHCO, 40 mm, 
NaCl 37.5 mm, KCl 77.5 mm) containing 50 ue. of phenylalanine-3-C" for 
4 hours at 37°. Sufficient 10 n H.SO, was then slowly added to the iced 
contents of the flask to give a final acidity of 0.25 n. The homogenized 
incubation mixture was centrifuged free of cell débris. The protein frac- 
tion precipitated between 60 and 100 per cent of saturation with ammonium 
sulfate was then isolated, dialyzed against two changes of cold 0.001 m 
acetic acid, and lyophilized. The dialysis step resulted in no loss of ribo- 
nuclease activity. The total yield of ribonuclease as estimated by activity 
measurements (6) was between 2 and 5 mg. in different experiments. This 
crude preparation was then subjected to chromatography on IRC-50 ion 
exchange resin according to Hirs, Moore, and Stein (10). Preliminary trial 
runs indicated a clear separation of free phenylalanine-3-C™ from ribo- 
nuclease. To insure the absence of radioactivity from contaminating free 
amino acids, the major A peak of ribonuclease from the column was diluted 
with 100 parts of bovine ribonuclease (Armour, recrystallized three times) 
and recrystallized. 
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The final crystalline product, dialyzed against 0.01 Nn HCl, was digested 
with an amount of pepsin equivalent to 1 per cent of the ribonuclease until 
aliquots added to an equal volume of 5 per cent trichloroacetic acid gave 
no turbidity. 

The digestion was stopped by allowing the pH to rise to 6.0 in the pres- 
ence of AgO. The supernatant solution remaining after centrifugation 
was freed of silver ions with H2S. The clear, salt-free solution was concen- 
trated in vacuo and chromatographed on Whatman No. 3 filter paper with 
n-butanol-glacial acetic acid-water, 4:2:1, as solvent. 2 of the 3 phenyl- 
alanine residues? in ribonuclease were located in two peptide zones having 
Ry 0.6 and 0.8 in this solvent. Phenylalanine samples were isolated from 
hydrolysates of the eluates from these zones by the chromatographic pro- 
cedures described above for insulin fragments. Some hydrolysates were 
treated by the specific decarboxylase method of Udenfriend and Cooper 
(11), and the phenylethylamine produced was isolated as the hydrochlo- 
ride. Aliquots of phenylalanine solution were analyzed by the ninhydrin 
method (9) and of phenylethylamine hydrochloride by the method of 
Udentriend and Cooper. Other aliquots were counted in a flow counter 
as described above. 


Results 


Five preparations of insulin were made and four of these were degraded. 
The fifth was not sufficiently radioactive to be useful. The specific ac- 
tivities of the various glycine samples isolated are presented in Table I. 

In all preparations it was found that the specific activity of the A chain 
glycine was considerably higher than that of either of the B chain glycine 
samples. The specific activity of the B chain serine, on the other hand, 
was either equal to or greater than the average of the 2 A chain serine 
residues. In two experiments, the average specific activity of the 2 glycine 
residues which occur in the sequence 8-sulfoalanylglycine was greater than 
the activity of the single heptapeptide glycine from the B chain. In Ex- 
periment 4, it can be deduced that the specific activity of the latter residue 
was probably less than that of the average of the B chain glycine, although 
the activity was too close to background for accurate determination. 

Table II demonstrates the unequal labeling of the 2 phenylalanine resi- 
dues isolated from ribonuclease in two experiments. The similarity in the 
ratio of the specific activities of the 2 residues in different experiments is 
probably coincidental in view of previous experience indicating consider- 
able variations in such ratios from experiment to experiment with different 
samples of tissue, times of incubation, and incubation conditions (1). 


3 Hirs, C. H. W., Moore, 8., and Stein, W. H., personal communication. 
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DISCUSSION 


The process of protein biosynthesis has frequently been considered in 
terms of specific template surfaces embodying a catalytic ability to as- 
semble amino acid or peptide precursors. In view of the absence of defini- 


TaBLe I 
Labeling of Glycine and Serine Residues in Radioactive Insulin 


Specific activity, c.p.m. per umole* 
Experiment No. | 
A chain, Gly | B chain, Glyt | B chain, Gly(2)t| A chain, Ser(2)§ |B chain, Ser 
1 27.2 11.3 21.7 8.8T 12.4 
2 21.0 9.0 | 4.0 
4 23.2 3.2 2.0 1.8] 
5 38.4 + 5.6 


* The mean deviation of ninhydrin determinations (done in duplicate) was 3 per 
cent. The probable error of the radioactivity determinations was 5 to 10 per cent, 
except as noted. 

t Gly from peptide, Gly.Phe.Phe.Tyr.Thr.Pro.Lys, of chain B. 

t Average of 2 glycine residues of chain B in sequence Cys.Gly. 

§ Average of 2 serine residues. 

|| Counting error 35 to 40 per cent. 


TaB_e II 
Non-Uniform Labeling of Phenylalanine in Radioactive Ribonuclease 


Specific radioactivity, c.p.m. per umole 
Peptide 
Experiment 1* Experiment 2t 
Ratio, Phe, LY 1.8 1.9 


* Phenylalanine isolated by chromatography. 
t Isolated as phenylethylamine hydrochloride after treatment of the peptide 
hydrolysate with Streptococcus faecalis (11). 


tive data for the existence of such surfaces or structures, it is perhaps of 
greater value to consider such a process in terms of kinetic concepts. 
The observations reported above are consistent with data obtained 
earlier for ovalbumin. Except for possible exchange of single amino acid 
residues in the protein molecule with the free amino acid pool, the demon- 
stration of non-uniform labeling should exclude a mechanism of synthesis 
which involves the simultaneous assembly of free amino acids, at least for 
these specific proteins. If there had been no demonstrable non-uniformity 
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of glycine labeling within the B chain of insulin, it might be argued that the 
interchain difference in glycine specific activity is due to the synthesis of 
the molecule as two separate peptide chains, each by a one-step process. 
However, if this were the case, the ratios of the specific activities of the A 
and B glycines and the A and B serines should be equal in any one experi- 
ment (as was found by Simpson and Velick (12) and by Heimberg and Ve- 
lick (13) in muscle proteins labeled in vivo). In the present experiments 
these ratios differed widely. 

The simultaneous assembly of free amino acids to yield, in one step, the 
final protein molecule would result in uniform labeling throughout its struc- 
ture. Although the observations of Muir et al. (14), Simpson and Velick 
(12), and Heimberg and Velick (13) are consistent with this type of mecha- 
nism, they do not exclude alternative explanations which would also be 
applicable to the data concerning non-uniform labeling. 

A modified mechanism which must be differentiated from that men- 
tioned above has been presented recently by Dalgleish (15). It differs 
chiefly in allowing for the possibility of a slow rate of synthesis for a single 
protein molecule. Depending on the length of time postulated for molecu- 
lar synthesis relative to the experimental period and to changes in pool 
activity, either uniform or non-uniform labeling may be predicted. Al- 
though this type of mechanism might explain the available data, one im- 
portant factor, z.e. the time required for synthesis of a single protein mole- 
cule, does not seem susceptible to evaluation at the present time. 

A third mechanism of protein synthesis extensively discussed in the 
literature has been referred to as a “stepwise’’ process. It suggests that 
the free amino acids are first incorporated into peptides, which in turn are 
assembled to form the protein molecule with or without the intervention 
of a “template.” Direct. evidence for the existence of such peptides has 
been sought by numerous investigators without success. These proposed 
intermediates must exist in very small amounts, possibly entirely in a 
bound form.‘ 


Amino acids = peptides = proteins 


This hypothesis is supported by the data thus far accumulated in vitro. 
The results of experiments zn vivo, on the other hand, can be explained by 
such a mechanism only under circumstances in which the half life of peptide 
intermediates is much shorter than that of protein and if the pool size of 
these intermediates is very small. The results in vivo and in vitro are, 
however, compatible on this latter basis. 


4 Protein degradation probably involves the formation of peptides. As indicated 
by the broken arrow, these peptides may or may not be the same as those implicated 
in protein synthesis. 
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It has been shown in studies in vitro that, as the length of the experi- 
mental period is increased, differences in specific activity between position- 
ally different amino acid residues tend to become obliterated (1). When 
equilibration occurs throughout the synthesizing system, evenly labeled 
molecules will be formed. Depending on the relative number of molecules 
formed at different stages of equilibration, it may or may not be possible 
to observe non-uniform labeling present in the molecules completed before 
equilibrium is reached. 

In the intact organism with a large number of integrated metabolic proc- 
esses, equilibration of the labeled substrate throughout the entire system 
probably occurs much more rapidly than in the partially restricted slice 
system. Experiments in vitro in this field have been criticized because of 
the inability to demonstrate net protein synthesis, and the suggestion has 
been made that labeling may occur by direct exchange of amino acids. 
There is, however, no reason to believe that, by carrying out protein syn- 
thesis in vitro rather than in vivo, qualitative changes in the mechanism 
have been induced. Indeed, it is reasonable to assume that the same 
processes are operative as those occurring in the intact animal, but that 
quantitative alterations in the rates of various metabolic reactions make 
it possible to observe phenomena which are obscured in the fully integrated, 
intact organism. 


The authors wish to thank Eli Lilly and Company for their generous gift 
of beef insulin. 


SUMMARY 


1. Insulin and ribonuclease have been biosynthetically prepared in vitro 
from calf pancreas slices in the presence of glycine-1-C™ and phenylalanine- 
respectively. 

2. Degradation of these purified proteins and isolation of glycine and 
serine residues from insulin and phenylalanine residues from ribonuclease 
have yielded evidence of non-uniform labeling of these amino acids along 
the protein chains. 

3. These data are similar to those obtained earlier for several amino 
acids of ovalbumin and, at least for these specific proteins, exclude the 
simultaneous combination of free amino acids as a mechanism of protein 
synthesis. 

4. These findings are compatible with a stepwise mechanism of protein 
synthesis involving free or conjugated peptide intermediates. 


*> Hendler, R. W., and Anfinsen, C. B., unpublished observations. 
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The large size of most protein molecules precludes, at the present time, 
any attempt to determine their complete amino acid sequence by the 
methods which have recently been successfully applied to insulin (2, 3). 
A partial investigation of these larger proteins has, however, been initiated 
with a study of the amino acids linked through peptide bonds to cysteine,! 
not only because of the relative ease with which small cysteic acid peptides 
may be isolated from partial hydrolysates of oxidized proteins (4), but be- 
cause of the important réle played by sulfhydryl groups in the function of 
many enzymes whose mechanism of action might be elucidated by a knowl- 
edge of the amino acid configurations about the cysteine residues at their 
“active centers.” 

A suggested relation of cysteine to protein synthesis (5) also provided a 
more immediate stimulus to these experiments. The reported occurrence 
of the sequence Cys.Gly? with greater than chance frequency in crude 
bacterial proteins, as well as in insulin (2), and in glutathione, prompted 
an examination of other purified proteins for the presence of this sequence. 
Ovalbumin has been chosen because of the ease with which it can be puri- 
fied and because of its suitability for experiments on protein synthesis 
in vitro (6). 

By means of a simple chromatographic procedure for the separation of a 


* A preliminary report of this material has appeared (1). 

Tt Present address, Department of Biochemistry, New York University College 
of Medicine. 

1 Cysteine has been used throughout this paper to indicate both the sulfhydryl 
and disulfide forms. 

2 According to the convention of Sanger and Tuppy (2), when the sequence of 
amino acids in a peptide is known, they are separated by points, and when the com- 
position, but not the sequence, is known, they are enclosed in parentheses and sepa- 
rated by commas. The following abbreviations are used in this report: alanine, 
Ala; aspartic acid, Asp; cysteic acid, CySO;H; cysteine, Cys; glutamic acid, Glu; 
glycine, Gly; isoleucine, Ileu; leucine, Leu; phenylalanine, Phe; O-phosphoserine, 
SerP; serine, Ser; threonine, Thr; valine, Val; carboxyl terminal, C-terminal; amino 
terminal, N-terminal; dinitrofluorobenzene, DNFB; dinitrophenyl, DNP. 
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complex mixture of cysteic acid peptides from all other components of 
partial acid hydrolysates of oxidized proteins, and for the resolution of this 
mixture into its constituent peptides, Cys.Gly has, in fact, been found to 
be present in ovalbumin. Although the additional identification of ten 
other dipeptides of cysteic acid (Table I) indicates that the Cys.Gly se- 
quence is associated with not more than one or two of the seven cysteine 
residues (7) of ovalbumin, the occurrence of this sequence in all proteins 
so far examined has further stimulated a series of experiments comparing 
the incorporation in vitro of labeled glycine, or sulfur- and glycine-labeled 
glutathione, into the Cys.Gly sequence of ovalbumin, with their incorpora- 
tion into cysteine and glycine residues at other points along the ovalbumin 
chain. The results of these experiments do not support any specific meta- 
bolic réle for glutathione in the biosynthesis of the Cys.Gly of ovalbumin. 


Materials and Methods 


Partial Acid Hydrolysis of Ovalbumin—Ovalbumin was prepared from 
egg whites by isoelectric crystallization with ammonium sulfate, recrystal- 
lized three times, dialyzed free of salt, and lyophilized. 8 ml. of 30 per 
cent hydrogen peroxide were added to 22 ml. of 90 per cent formic acid, 
and, after standing at room temperature for 3 hour, the performic acid 
mixture was added to a solution of 2 gm. of ovalbumin in 30 ml. of 90 per 
cent formic acid. After 2 hours at room temperature, the oxidized oval- 
bumin was precipitated with 120 ml. of 20 per cent trichloroacetic acid, 
washed twice with 10 per cent trichloroacetic acid, and then several times 
with ethanol and ether. The dried protein was dissolved in 40 ml. of 11 
N HCl in a glass-stoppered flask and kept at 37° for periods of 2 to 7 days. 
HCl was then removed over NaOH pellets in a vacuum desiccator. 

Ion Exchange Chromatography—The hydrolysate, dissolved in 5 ml. of 
water, was applied to a large bed, arbitrarily made 4 cm. in diameter by 
10 cm. in height, of Dowex 50 (200 to 400 mesh, 8 per cent cross-linked) 
in the H+ form, and eluted with water. After the first column volume, 
which was discarded, all of the ninhydrin-positive material which could be 
eluted with water appeared in about 20 ml. A total of 100 ml. of water 
effuent was collected, evaporated to dryness in vacuo, neutralized in a 
small volume with sodium hydroxide, and applied to a 0.9 by 75 cm. col- 
umn of Dowex 2, 200 to 400 mesh with 8 per cent cross-linking. This 
resin had been converted to the Cl- form by washing with HCl, washed to 
pH 4 to 5 with water, and then titrated back to pH 2.5 with HCl in a 
slurry. The column was connected to a mixing vessel containing a mag- 
netic stirring bar and | liter of 0.003 nN HCl into which extended a capillary, 
turned up at the end to prevent back-mixing. The capillary in turn was 
connected to a reservoir of 0.03 nN HCl. The flow rate was controlled by 
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the height of the reservoir. Approximately 120 fractions of 6 ml. were 
collected at the rate of 10 ml. per hour, the solution in the reservoir being 
changed, in some cases, half-way through the elution, to 0.6 Nn HCl. For 
assay, the tubes were all taken to dryness in large vacuum desiccators 
attached to an oil pump throughout the day, under which conditions the 
contents usually remained frozen while drying, and then neutralized to 
phenol red in 0.2 ml. volume. Since some fractions contained more than 
one peptide (Fig. 1), about 2 per cent of each was applied in successive 
spots across sheets of filter paper, which were developed for 42 hours in 
Solvent 1 (below), before staining with ninhydrin. This preliminary pa- 
per chromatography then served as a guide for larger scale separations on 
the contents of those tubes containing more than one peptide. 

Paper Chromatography—Whatman No. 1 paper was used for all paper 
chromatography. Color development was performed by spraying with 
0.3 per cent ninhydrin in n-butanol or dipping in 0.25 per cent ninhydrin 
in anhydrous acetone containing a little pyridine, and was improved, when 
lower alcohol solvents had been used, by exposing the papers to steam 
vapors.’ The following solvent mixtures, mostly in common use, have 
been employed (composition by volume): Solvent 1, n-butanol-propionic 
acid-water, freshly prepared from equal volumes of Solution A (1246 ml. 
of n-butanol and 84 ml. of water) and Solution B (620 ml. of propionic acid 
and 790 ml. of water) (8); Solvent 2, phenol-water, 8:2, phenol redistilled 
over zinc; Solvent 3, n-propanol-water, 7:3; Solvent 4, methanol-water, 
8:2; Solvent 5, pyridine-water, 8:2; Solvent 6, tertiary amyl alcohol satu- 
rated with 0.2 mM phthalate buffer, pH 5 (9); Solvent 7, isoamyl alcohol 
saturated with 1 per cent acetic acid. Known amino acids and DNP- 
amino acids‘ were used as chromatographic standards. Cysteic acid and 
CySO3H.Gly and their DNP derivatives were prepared by performic acid 
oxidation and DNFB-treatment of cysteine and cystinyldiglycine.’ Since 
acidic peptides move slowly in Solvents 1, 2, and 3, these solvents were 
used in the descending direction and allowed to drip off the serrated lower 
edge of the paper for as long as 7 days in some cases. FR, values for the 
peptides have therefore been reported relative to the Rr of glutamic acid, 
which was chromatographed simultaneously (Table I). 

Composition and N-Terminal Amino Acid of Peptides—Appropriate ali- 
quots of purified peptides were hydrolyzed for 16 hours at 110° in a drop 
of 11 Nn HCl in a sealed capillary. The resultant amino acids were identi- 
fied, after removal of HCl, by two-dimensional paper chromatography in 
Solvent 2, followed by Solvent 1. A comparable aliquot, in a few tenths 


3 Suggestion of Dr. Robert Redfield. 


* Gift of Dr. Helen van Vunakis. 
’ Gift of Dr. W. Wayne Kielley. 
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of a ml. of water, was used to determine the N-terminal amino acid of each 
peptide by the DNFB method (10). After adjusting the pH to 9 with a 
few drops of 0.25 per cent trimethylamine (3), approximately 0.04 ml. of 
0.1 m DNFB in ethanol was added, and the solution maintained at 60° for 
1 hour® in a small, stoppered test-tube. The reaction proceeds in one phase 
at this temperature. The reaction mixture was then evaporated to dry- 
ness in a vacuum desiccator, and hydrolyzed (in a few cases after further 
purifying the DNP peptide by chromatographing in Solvent 3 or 4) in 
sealed tubes as described above. The HCl-free hydrolysate was applied 
with ethyl acetate or water to a buffered paper (air-dried after dipping in 
0.2 m phthalate, pH 5) and developed with Solvent 6 in one direction. 
This procedure gave, in every case, positive identification of the DNP- 
amino acids which were present. The use of trimethylamine rather than 
a non-volatile buffer was particularly advantageous, because the DNP- 
cysteic acid peptides could seldom be extracted well into organic sol- 
vents, even from strongly acid solution. 

Preparation of Labeled Ovalbumin from Oviduct Incubated with Labeled 
Glycine and Glutathione—10 gm. portions of coarse oviduct mince, prepared 
from laying white Leghorn hens, were incubated for 4 hours at 37° with 
the appropriate substrates in 50 ml. of the medium previously described 
(6). The tissue was then homogenized and brought to 40 per cent satura- 
tion with ammonium sulfate at pH 4.7, and approximately 2 to 4 parts of 
carrier ovalbumin were added, based on the ultraviolet absorption at 280 
my of the supernatant solution. The ovalbumin was isolated by isoelectric 
crystallization with ammonium sulfate, recrystallized twice, and dialyzed 
against distilled water. 

The glycine-1-C and glutathione-S** were commercial samples. Gluta- 
thione labeled with C™ in the carboxyl of the glycine was prepared by Dr. 
John Snoke at the University of Chicago, with the assistance of one of us 
(M. F.). y-Glutamyleysteine (1 mmole) and glycine-1-C™“ (1 mmole, 1 
mc.) were incubated in 250 ml. of medium containing 120 mg. of partially 
purified yeast enzyme (11), 250 mg. of rabbit muscle extract, 2.5 mmoles 
of 3-phosphoglyceric acid, 0.75 mmole of the potassium salt of adenosine- 
triphosphate, 1.9 mmoles of KCN, and 1.25 mmoles of MgSO,. The pH 
was adjusted to 8 with KOH, and the mixture incubated for 70 minutes 
at 37°. Glutathione was recovered and purified, after the addition of 0.5 
mmole of carrier, by successive precipitation as the Hg*+, Cd**, and Cut 
mercaptide. ‘The first crop of cuprous mercaptide was 120 mg. and con- 
tained 100 ye. of C™. 

Partial Degradation of Labeled Ovalbumin—The peptides CySO3H.Gly, 
Ser.CySO3H, and CySO;H.Phe were obtained from lyophilized ovalbumin 


6 Suggestion of Dr. Jack Strominger. 
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as described above. “Average” glycine and serine fractions were obtained 
from a 1 N ammonia eluate of the Dowex 50, after the water elution, and 
the ‘“‘average’”’ cysteic acid from a small aliquot taken directly from the 
partially hydrolyzed, oxidized ovalbumin. Aliquots of dialyzed ovalbu- 
min were treated with subtilisin (Bacillus subtilis exoenzyme) as described 
previously (6), to obtain the glycine and serine liberated by this enzyme. 

In experiment Ov.10 (Table VI) samples for glutathione isolation were 
taken at intervals during the incubation by the addition of 1 ml. of the 
incubation mixture to 5 ml. of 5 per cent trichloroacetic acid containing 
50 mg. of carrier glutathione. Since the ratio of mince to medium could 
not be accurately controlled in these aliquots, the ratio of cysteine to gly- 
cine radioactivity in a given glutathione sample is perhaps more significant 
than the absolute values (Fig. 2). For purification, the protein precipitate 
was centrifuged from each aliquot and washed, and glutathione was pre- 
cipitated from the combined supernatant solutions (12), freed of copper, 
oxidized with performic acid, and chromatographed in Solvent 3 to elimi- 
nate cysteic acid as a possible contaminant. 

Determination of Specific Activity of Microgram Amounts of Amino Acids 
—For specific activity measurements, the peptides were completely hy- 
drolyzed in the same manner as for their identification (above), and their 
constituent amino acids separated by paper chromatography, with Solvent 
2 first when necessary, but in every case a final chromatographic separation 
was carried out with Solvent 5 because of the low ninhydrin blanks obtained 
from papers run in pyridine-water (6). From each chromatogram a blank 
area, equal to that occupied by the amino acid, was eluted separately, and 
the two fractions were then dried in vacuo, made up to 2.0 ml., and equal 
aliquots of each assayed by the colorimetric ninhydrin method of Moore 
and Stein (13) in a Coleman junior spectrophotometer (Table II). Suit- 
able aliquots were then pipetted onto small planchets, dried on a warm 
plate, and counted with the windowless counter previously employed (6), 
which gave a background counting rate of 1.5 to 2 e.p.m. (Table ITI). 
All S** counts on samples from any single experiment were made during 
the same day, which avoided the necessity for decay corrections. 

Because the validity of specific activity measurements made with micro- 
gram amounts of amino acids has recently been questioned (14), we have 
listed the original data obtained in experiments Ov.5 and Ov.6 in Tables 
II and ITI, to give an indication of the degree of reproducibility of the nin- 
hydrin determinations and counts, as well as of the magnitude of the differ- 
ence between these measurements and the ninhydrin blanks and back- 
ground counting rates. No results have been omitted, except the values 
for the amino acids released by subtilisin. These were obtained in amounts 
too small for duplicate determinations, and the values must be considered 
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less reliable than those for the other amino acid fractions. Possibly a more 
general criterion of the validity of these specific activity measurements, 
since it might reflect also errors introduced through incomplete purification 
of protein or peptide fraction, is afforded, in Tables IV and V, by a com- 
parison of the ratio of the specific activity of one amino acid fraction to 
that of another in one batch of ovalbumin with the same ratio in a second 
batch of ovalbumin. Thus the ratio of the glycine specific activity in the 
CySO;3H.Gly to that of the average glycine of the protein is the same in 
Ov.5 and Ov.6 (Table IV), these two batches of ovalbumin having origi- 
nated in mince from the same oviduct, incubated in companion flasks. 
The ratio, on the other hand, is not the same in Ov.10 (Table VI), a batch 
originating from a different oviduct and not incubated under identical 
conditions. 


Results 


Determination of Cysteine-Containing Sequences—Eleven dipeptides of 
eysteic acid have been isolated from ovalbumin (Table I). Every major 
component of the strongly acidic fraction of a 7 day hydrolysate has been 
identified, and the complete resolution of this fraction is illustrated in 
Fig. 1, which shows the ninhydrin-positive components that appear when 
2 per cent aliquots of successive fractions from Dowex 2 columns are de- 
veloped with Solvent 1. The positions in Fig. 1 are those of the peptides 
in a 3 day hydrolysate eluted from a 75 em. Dowex 2 column (Ov.10), in 
which only Components 4, 6, 8, 10, 11, and 12 were identified. The latter 
were used as guide-posts to fill in the other di- and tripeptides, all of which 
were first identified in a 7 day hydrolysate (Ov.4), for which a shorter 
Dowex 2 column was used and slightly poorer resolution obtained. 

The relative yields of the peptides, estimated qualitatively from the 
intensities of their ninhydrin colors on paper chromatograms of aliquots, 
are represented in Fig. 1 by the vertical height of the shaded areas. A 
more quantitative indication of the yields of peptides obtained is given in 
Table IT. In the case of Ov.6, 80 y of CySO3H.Gly glycine and 52 y of 
Ser.CySO3H serine were obtained per gm. of ovalbumin,: corresponding to 
yields of 4.8 and 2.3 per cent, respectively, if one assumes that the sequences 
Cys.Gly and Ser.Cys occur only once in the peptide chain. In view of 
losses during the repeated chromatographic purifications of these peptides, 
one might estimate, on the above assumption, that the yields were 2 to 10 
per cent for Peptides 1 through 6 and Peptides 9 and 10, and somewhat less 
for Peptides 7, 8, 12, and 13. 

Following the resolution of the cysteic acid peptide mixture, the individ- 
ual components were purified by chromatographing suitable pooled Dowex 
2 fractions in Solvent 1, followed by Solvent 2 or 4 or both. Traces of 
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free amino acids which might have originated in the chromatographic 
papers could now be removed from the neutralized peptide solutions on 
very small Dowex 50 columns, but this procedure was later found to be 


TABLE I 
Cysteic Acid Peptides from Ovalbumin 


Pe 


10 


13 


Serial No. 


Unusual 
ninhydrin 
color 


Ov.4-E1 


Ov.4-Fla 
Ov.4-G3 
Ov.4-Gla 
Ov.4-Glb 
Ov.6-Cl 
Ov.4-la2a 
Ov.4-Ib1 
Ov.4-Ia5 
Ov.4-K3 
Ov.6-J1 


Ov.3-A8 


Pink 


Blue- 
green 


glutamic 
acid 


0.42 


Sol- 
vent 2 


0.8 


0.3 


1.0 


0.26 


0.26 


0.5 


0.23 


1.6 


1.1 


1.0 


1.1 


1.1 


0.9 


= 

2 

Amino 
acids 
present 

34 

Ala 4+ 
CySO;H! 4+ 
Val 4+ 
Ala 5+ 
CySO;H} 5+ 
CySO;H| 4+ 
Val 4+ 
CySO;H)} 5+ 
Gly 5+ 
CySO;H| 5+ 
Thr 5+ 
CySO;H! 5+ 
Ser 5+ 
CySO;H)| 5+ 
Glu 5+ 
CySO;H| 4+ 
Glu 4+ 
CySO;H) 5+ 
Phe 5+ 
CySO;H| 5+ 
Phe 5+ 
Asp 5+ 
CySO;H 5+ 
CySO;H 5+ 
Glu 2+ 
Val 5+ 


rivative after DNFB treat- 


Relative amount of DNP de- 
ment and hydrolysis 


+ 


++ 


2+ 


4+- 


Structure 


CySO3H.(Ala,Val) 


CySO;H.Ala 
CySO;3H.Val 
CySO;H.Gly 
Thr.CySO;H 
Ser.CySO;H 
CyS0O;H.Glu 
Glu.CySO;H 
Phe.CySO;H 
CySO;H.Phe 
Asp.CyS0O;H 


Val .CySO 3H 


unnecessary. The composition and N-terminal amino acid of each pep- 
tide were then determined by visually estimating, as | to 5+, the amounts 
(Table I) of free amino acids in peptide hydrolysates, and of DNP amino 
acids in DNP peptide hydrolysates. 


The amino acid sequences thus de- 
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duced (last column, Table I) are unambiguous, even though it is conceiv- 
able that any one of the “dipeptides” isolated might contain 2 residues of 
each amino acid or, in view of the errors in visual color estimation, 2 resi- 
dues of one amino acid and | of the other. 

Considerations of the latter type might account for the isolation, from 
a single hydrolysate, of four different peptides (of which only the two most 
prominent are included in Table I) containing only glutamic and cysteic 
acids. Attempts at more accurate measurements of amino acid molar 


R¢/R¢ GL 
T T T T T T T T T T T T T T 
1.4F 3 
9 
2 12 
7 
ol 
100 200 300 400 500 


ELUATE FROM DOWEX 2 (ML.) 


Fic. 1. Chromatography of the strongly acidic peptide fraction from oxidized 
ovalbumin. The solid areas indicate the relative amounts of the different ninhydrin- 
reactive components which appear when aliquots of 70 Dowex 2 fractions are spotted 
successively along paper chromatograms and developed for 36 hours in Solvent 1. 
Component 1, CySO;H.(Ala,Val); Component 2, CySO;H.Ala; Component 3, Cy- 
SO;H.Val; Component 4, CySO;H.Gly; Component 5, Thr.CySO;H; Component 6, 
Ser.CySO;H; Component 7, CySO;H.Glu; Component 8, Glu.CySO;H; Component 
9, Phe.CySO;H; Component 10, CySO;H.Phe; Component 11, CySO;H; Component 
12, Asp.(Ala,Glu,Ileu,SerP); Component 13, Asp.CySO;H. 


ratios in these peptides were unsuccessful, owing to the small amounts 
available. The peptide, Val.CySO3;H, which does not appear in Fig. 1, 
was identified in a preliminary experiment in which the Dowex 50 eluate 
was applied directly to paper chromatograms. This peptide was not de- 
tected in subsequent experiments. The absence from some hydrolysates 
of Asp.CySO3:H may be attributed to its being obscured by the much 
larger amounts of cysteic acid, which moves similarly on Dowex 2 columns. 

Experiments with Radioactive Compounds (Table III)—The first two ex- 
periments designed to compare the effectiveness with which free and gluta- 
thione glycine are incorporated in vitro into the Cys.Gly glycine of ovalbu- 
min, were carried out with aliquots of the same minced oviduct, incubated 
in companion flasks. ‘To one flask (Ov.5) was added 0.067 mmole of gly- 
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cine-1-C™ containing 93 ue., and to the other (Ov.6) the same amount of 
glycine-1-C™ with the addition of 0.26 mmole of unlabeled glutathione. 


TABLE II 


Yields of Amino Acids from Ovalbumin Peptides (Isolated from Partial Hydrolysates 
of About 1.7 Gm. of Protein) 


f 


i ; Optical Average ‘Amount Total 
ber cent 7 7 
Ov.5 glycine 
Blank paper chromatogram 10 0.025 
10 0.035 
Average glycine 0.76 
0.80 0.75 
Cysteylglycine 10 0.36 
10 0.34 0.32 5.0 | 50 
Ov.5 serine 
Blank paper chromatogram 15 0.05 
15 0.05 
Average serine 0.58 
0.61 
0.59 0.54 
Seryleysteic acid 15 0.44 
15 0.43 0.39 9.2; 61 
Ov.6 glycine 
Blank paper chromatogram 10 0.01 
10 0.05 
Average glycine 0.71 
0.73 0.69 
Cysteylglycine 10 0.90 
10 0.87 0.86 | 13.5) 135 
Ov.6 serine 
Blank paper chromatogram 10 0.02 
10 0.02 
Average serine 0.53 
0.51 0.50 
Seryleysteic acid 10 0.39 
10 0.40 0.38 8.9 89 


* A reagent blank has been subtracted from each optical density reading. Values 
for the average glycine and serine fractions (arbitrary small aliquots of the total 
protein completely hydrolyzed) are included to illustrate the reproducibility of the 
ninhydrin determinations. 


The specific activities of the “average’’ and Cys.Gly glycine fractions from 
the ovalbumin crystallized from each flask were then compared, to deter- 
mine whether the latter had been selectively decreased in Ov.6, as might 
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have occurred if the unlabeled glutathione were diluting a more immediate 
precursor of this fraction than free glycine. In addition, the glycine of the 
“hexapeptide” fragment split off by subtilisin (6) and several different 


TABLE III 


Reproducibility of Specific Radioactivity Determinations of Amino Acids from 
Ovalbumin Peptides 


| | Specific activity, c.p.m. 


Amount 
| | Per | Less | Average 
| ' “planchet | Per y per y 
Ov.5 glycine | 
Average glycine 6.3 45 43 6.8 
9.5 67 65 6.8 
18.9 = 130 128 6.8 | 6.8 
Cysteylglycine 5.0 51 49 9.8 
7.6 78 76 10.0 
15.1 149 147 9.7) 9.8 
Ov.5 serine 
Average serine 12.8 40 38 3.0 
70 | 2.7] 2.9 
Seryleysteie acid | 12.2 | 15.8] 13.8] 1.13 
24.4 | 27.5 | 25.5) 1.05) 1.09 
Ov.6 glycine | 
Average glycine | ea 67 65 11.2 
95 93 10.7 
| 17.3 | 189 |:10..9 
Cysteylglycine | 6.8 | 110 108 —s-15.9 
40.5 | 527 | 525 | 13.0 | 
6.8 113  16.3 | 
6.8 | 112 | 110 | 16.3 | 
13.5 226 | 224 16.6 | 14.9 
Ov.6 serine | | | | | 
Average serine | 2.4 | 114 
46.8 206 204 4.4 4.7 
Seryleysteic acid 13.4 26 244 «1.79 
35.6 65 63 1 


1.78 


serine residues were isolated from each protein to determine whether the 
non-uniformity of labeling of residues of the same amino acid at different 
points along the protein chain, previously demonstrated for certain aspar- 
tic and glutamic acid and alanine residues (6), could also be demonstrated 
for specific glycine and serine residues isolated from the body of the protein 
molecule. Table IV shows that the Cys.Gly specific activity has not been 
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decreased in Ov.6 relative to Ov.5, but has, in fact, been increased signifi- 
cantly (Tables II and III). Since the same increase is observed for each 
of the six glycine and serine fractions (last columns, Tables IV and V), it 
is evidently not a reflection of any specific effect of glutathione on the rate 
of incorporation of glycine into the Cys.Gly of ovalbumin, but rather of a 
greater general rate of protein synthesis in Ov.6. Whether or not the 


TaBLe IV 
Specific Activities of Glycine Residues Isolated from Different Positions in Ovalbumin 
Molecule 
Glycine fraction ows | 
Glycine liberated by subtilisin............. 450 | 830 1.8 
Glycine from | 740 1120 1.5 
Ratio, CySO;H.Gly to average 1.5 | 1.4 


Ovalbumin feolated fre rom a oviduet mince incubated with glycine-1-C'* (Ov.5) and 
glycine-1-C'* plus glutathione (Ov.6). 


TABLE V 
Specific Activities of Serine Residues Isolated from Different Positions in Ovalbumin 
Molecule 
Serine fraction Ov, | 
Serine liberated by subtilisin............... 280 1.8 
Serine from 190 | 1.6 


Ratio, Ser.CySO;H to average serine....... | 0.39 | 0.39 


Ovalbumin isolated from oviduct 2 mince e incubated with glycine-1-C'* (Ov.5) and 
glycine-1-C'* plus glutathione (Ov.6). 


latter was actually due to the presence of glutathione in the incubation 
medium of Ov.6, the fact that the same change occurred in the glycine 
specific activity of the Cys.Gly as in that of the average glycine is evidence 
that the glutathione did not dilute an intermediate between free glycine 
and protein Cys.Gly glycine. 

The usual reservation must be made in the interpretation of such a nega- 
tive in vitro experiment; namely, that the glutathione may not have reached 
the sites of protein synthesis in the cell. In addition the objection must 
be considered that glycine may have been incorporated into ovalbumin at 
a rate much less than that at which it entered glutathione (12) and that, 
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consequently, the added unlabeled glutathione may have exerted a negli- 
gible effect on the specific activity of glycine residues derived from it. 
This latter possibility was tested in experiments in which oviduct mince 
was incubated with glycine-1-C™ in the presence of a pool of unlabeled 
glutathione, and in which total counts present in glutathione were deter- 
mined at intervals (Fig. 2). These experiments revealed that rapid label- 
ing of glutathione did, in fact, occur in these preparations. 

A subsequent experiment, designed to provide more favorable condi- 
tions for the demonstration of any specific réle of glutathione in the syn- 
thesis of protein Cys.Gly, has been carried out in which oviduct mince was 
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Fic. 2. Relative total counts present in glutathione isolated at intervals from ali- 
quots, containing both mince and incubation medium, of oviduct incubated with 
various labeled substrates. Curves A and B show the change in total counts present 
in the cysteine and glycine moieties, respectively, of glutathione isolated from ovi- 
duct tissue incubated with glutathione labeled with S** and with Cin the carboxyl 
of the glycine (Ov.10). Curves C and D give representative results for glutathione 
from oviduct tissue incubated with glycine-1-C"* and unlabeled glutathione. 


incubated in the presence of 0.16 mmole of glutathione, containing 50 ye. 
of C™ in the carboxyl of the glycine, and 0.16 mmole of glutathione-S®, 
containing about 250 ue. at the time of incubation (5 months before the 
radioactivity measurements of Table VI were made). At intervals during 
the incubation, glutathione was isolated from aliquots containing both 
mince and medium (see ‘‘Materials and methods’’), and the total counts 
present in the cysteine and glycine moieties were separately determined. 
The results, shown in Table VI and, on an arbitrary scale, in Fig. 2, indi- 
cate a rapid fall in the amount of both S** and C™ present as glutathione. 
The specific radioactivities are the same for the two glycine fractions in 
Table VI and, within the probable limits of error, the same for the three 
cysteic acid fractions isolated. In addition, the glycine-cysteic acid spe- 
cific activity ratio in the Cys.Gly sequence isolated from ovalbumin ap- 
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pears to bear no relation to that of the glutathione-Cys.Gly at any time 
during the incubation. All of the evidence, therefore, is consistent with 
the view that glutathione plays no specific réle in the synthesis of the Cys.- 
Gly sequence of ovalbumin, although this conclusion must be stated with 
some reservation, because of the rapid equilibration of glutathione with its 
constituent amino acids. 

Non-uniform labeling of glycine and serine residues isolated from differ- 
ent positions along the ovalbumin chain, with its implication of a stepwise 
mechanism of protein synthesis (6, 15), is clearly demonstrated in experi- 


Taste VI 
Specific Activities of Cysteic Acid and Glycine Residues Isolated from Different 
Positions in Ovalbumin Molecule and Total Counts Present in Free Glutathione 


Specific activity, c.p.m. per umole 
Fraction isolated 

Cysteic acid Glycine 
102 73 

Total activity, c.p.m. 

21 , 500,000 23 , 200 ,000 
“ 969 ,000 2,630,000 


Ovalbumin isolated from oviduct mince incubated 4 hours with glutathione 
labeled with S** and with C™ in the carboxyl of the glycine (Ov.10). Glutathione 
was isolated at intervals by the addition of aliquots containing both mince and 
medium to a large excess of unlabeled glutathione. 


ments Ov.5 and Ov.6. It is also demonstrated that, when the same ovi- 
duct, incubated in companion flasks, is the source of two different batches 
of ovalbumin, the specific activity ratios between two different residues of 
the same amino acid can be exactly reproduced, even when protein synthe- 
sis was proceeding at unequal rates in the two flasks. The enormous 
physiological variations to which oviduct tissue is subject are perhaps 
sufficient to account for the failure to obtain non-uniform labeling in Ov.10, 
which was ovalbumin derived from a different oviduct. On the other 
hand, additional experiments might show the failure to obtain non-uniform 
ovalbumin labeling on incubation with labeled glutathione to be repro- 
ducible. Since it has been demonstrated that the in vitro labeling of oval- 
bumin from CO, approaches uniformity with increasing time of incuba- 
tion (Hendler, R., and Anfinsen, C. B., unpublished results), it is possible 
that a delayed release of labeled amino acid building blocks from gluta- 
thione would also favor uniform protein labeling. 
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DISCUSSION 


The effectiveness of the peptide group fractionation which can be 
achieved by appropriate use of cation exchangers is evident from Fig. 1. 
A peptide fraction was obtained from a 7 day hydrolysate of oxidized oval- 
bumin in which, with one exception, every major component contained 
cysteic acid, and in which no trace of free aspartic or glutamic acid could 
be detected, despite the great preponderance of these over cysteine in oval- 
bumin (7). The presence of a cysteic acid-free component in this fraction 
(Peptide 12) and its markedly acidic behavior on Dowex 2 were puzzling, 
until it was found that its acidity was due to the presence of phosphate 
esterified to the hydroxyl group of serine (1). 

A small additional amount of cysteic acid is obtained when the water- 
washed Dowex 50 column is further eluted with either 1 N NH; or 6 x HCl 
and the eluate completely hydrolyzed. This fraction of cysteic acid might 
be retained by Dowex 50 if it were present in larger peptides, but it is also 
possible that peptides containing a basic amino acid would be lost in this 
way. In view of the additional loss, during the partial acid hydrolysis, of 
peptides containing tryptophan or C-terminal serine or threonine (16), the 
recovery of eleven out of a theoretically possible fourteen dipeptides of 
cysteic acid, suggests that few, if any, of the sequences occur more than 
once in the ovalbumin molecule. 

For application to proteins containing a larger number of cysteine resi- 
dues, peptide resolution could be improved by changing a number of varia- 
bles, such as the length of the Dowex 2 column or the size of the acid-mix- 
ing vessel. The investigation of many more proteins will be necessary 
before any conclusion can be reached as to whether chance alone can ac- 
count for the distribution of amino acids about cysteine residues. 

The CySO3H.Gly sequence isolated cannot be derived from glutathione 
bound to ovalbumin through disulfide linkage, for the following reasons. 
After the performic acid oxidation, which would split disulfides with the 
formation of the sulfonic acid form of bound glutathione, the protein was 
blended repeatedly with trichloroacetic acid to remove soluble peptides. 
Further, since no trace of cysteic acid has been found in partial hydroly- 
sates of unoxidized ovalbumin, any disulfide glutathione which escaped 
performic oxidation would not be oxidized during the subsequent hydrol- 
ysis and could not give rise to cysteic acid peptides. 

It has been reported in a brief note (5) that 30 per cent of the total 
protein cysteine was recovered as CySO;H.Gly from partial hydrolysates 
of oxidized, crude bacterial proteins. Since our results do not support 
such a high incidence of Cys.Gly in the protein which we have studied, it 
appears possible that no more than coincidence may be involved in the 
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occurrence of this sequence in all proteins so far investigated (3-5), as well 
as in glutathione. 

Since the finding that the y-acyl group of y-glutamyl peptides can 
undergo enzymatic transfer to the amino group of other peptides or amino 
acids (17), it has been speculated that the a-amino group thus liberated 
might also be activated in such a way as to permit enzymatic transfer to 
a-carboxyl groups of peptides or amino acids. The y-glutamyl moiety of 
glutathione might thus play a catalytic rdle in peptide bond synthesis. 
This suggestion has not gained support from experiments in which labeled 
y-glutamyl peptides, such as y-glutamylglycine-C™, incubated in vitro with 
animal tissues, were found to label the mixed tissue proteins less effectively 
than free glycine-C™ did (18). Our results do not support a stoichiometric 
function for glutathione in the biosynthesis of protein Cys.Gly. 


SUMMARY 


In partial acid hydrolysates of oxidized ovalbumin eleven, out of a 
theoretically possible maximum of fourteen, dipeptides of cysteic acid have 
been identified. Thus, although one of the dipeptides is CySO;H.Gly, the 
results with ovalbumin do not indicate the existence of a significantly high 
incidence of the Cys.Gly sequence in the protein. 

Specific residues of both glycine and serine, isolated from different posi- 
tions along the peptide chain of ovalbumin obtained from oviduct mince 
incubated with glycine-1-C™, show non-uniformity of labeling with respect 
to each other and to the average of all the ovalbumin glycines and serines. 
The non-uniformity is quantitatively reproducible. 

With ovalbumin samples isolated from incubations of oviduct mince, 
supplemented with glycine-1-C™ with and without unlabeled glutathione, 
or with glutathione labeled with S** and with C™ in the glycine carboxyl, 
the specific activities of cysteic acid and glycine originating in the protein 
Cys.Gly sequence were compared with those of residues of these amino 
acids from other positions in the peptide chain. The results do not sup- 
port any specific stoichiometric réle for glutathione in the biosynthesis of 
protein Cys.Gly. 


The authors are greatly indebted to Dr. John Snoke for preparing the 
C-labeled glutathione. 
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3-HYDROXYANTHRANILIC ACID METABOLISM* 
VI. CHEMICAL STUDIES ON INTERMEDIATE 
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The participation of 3-hydroxyanthranilic acid as an intermediate in the 
biosynthesis of nicotinic acid from tryptophan was first demonstrated in 
certain mutant strains of Neurospora in 1948 by Bonner (1) and by Mitchell 
and Nye (2). In addition, Mitchell et al. (3) found that 3-hydroxyan- 
thranilic acid can replace nicotinic acid in the nutrition of the rat. 

In 1946 Singal et al. (4) noted a substance in the urine of rats fed tryp- 
tophan which showed nicotinic acid activity for Lactobacillus arabinosus 
after being autoclaved in acid solution. This substance was later isolated 
and identified as quinolinic acid by Henderson (5), who also demonstrated 
that the excretion of quinolinic acid is increased after intraperitoneal 
injection of tryptophan or of 3-hydroxyanthranilic acid into rats (5, 6). 
It was further shown by Schweigert and Marquette (7) and by Henderson 
and Ramasarma (8) that quinolinie acid is the chief product formed from 
the incubation of 3-hydroxyanthranilic acid with rat liver homogenates 
and slices. 

The detailed chemical sequence of this conversion is of importance, not 
only nutritionally in the metabolism of tryptophan to nicotinic acid, but 
also as an example of the metabolic conversion of a benzenoid type com- 
pound to a pyridine type compound. 

In studying this problem, Bokman and Schweigert in 1951 (9) obtained 
spectrophotometric evidence for the formation of an intermediate com- 
pound in the metabolism of 3-hydroxyanthranilic acid to quinolinie acid 
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by rat liver enzyme preparations. This enzyme system was shown to be 
present also in pork and beef liver, and in rat, pork, and beef kidney, but 
is not present in detectable quantities in rat spleen, muscle, brain, pancreas, 
or testis (10). 

Because of the instability of the intermediate and the difficulty in ac- 
cumulating sufficient quantities for isolation, the characterization of this 
compound had not been achieved. The investigations described in this 
paper were undertaken to elucidate further the nature of the intermediate 
compound by determining optimal conditions for its accumulation, meth- 
ods for isolation and purification from incubation mixtures of a compound 
derived from the intermediate, and chemical tests for functional groups in 
the isolated product. 


Materials and Methods 


Enzyme Preparation—Adult albino rats were sacrificed by decapitation 
and the livers removed and used immediately. Acetone powder was 
prepared by grinding the livers in a Waring blendor for 3 minutes with 
approximately 20 parts of acetone chilled to —5° and filtering the suspen- 
sion with suction until dry. The powder was then resuspended in another 
20 volumes of cold acetone and the procedure repeated. The light tan, 
dry acetone powder thus obtained was extracted with 10 volumes of 0.01 
M phosphate buffer, pH 7.0, for 1 hour at 5°, the insoluble material was 
removed by centrifugation, and the supernatant liquid used as the enzyme 
source. Although the extracts prepared as described above did not deteri- 
orate rapidly, in each experiment the acetone powder was freshly prepared 
and extracted just before use to insure maximal enzyme activity. 

Substrate Preparation—The 3-hydroxyanthranilic acid used in these 
studies was obtained from Merck and Company, Inc. Prior to use, it was 
decolorized with Norit and recrystallized from a 10:3 propanol-water 
mixture. This preparation was metabolized more rapidly than was the 
original material. Since the compound is somewhat unstable, it was stored 
in a dark bottle under nitrogen, and a fresh solution was made up in 
0.01 m phosphate buffer for each experiment. 

Incubation— Reaction mixtures containing substrate, enzyme, and buffer 
at pH 7.0 were incubated in open beakers at 37° with constant stirring. 
With this system no addition of cofactors was required for activity (11). 
The reaction was stopped by inactivating the enzyme with 20 per cent 
metaphosphoric acid. The precipitate was removed by centrifugation 
after chilling the solution and the clear supernatant fluid was decanted for 
further analysis. 

Analytical Methods—The amount of 3-hydroxyanthranilic acid metab- 
olized by the enzyme was determined fluorometrically as described by 
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Bokman and Schweigert (12). The formation of the intermediate and 
quinolinie acid was followed by spectrophotometric measurements! of the 
supernatant fluids from acid-inactivated incubation mixtures after adjust- 
ing the pH to 7.0. Measurements were made with 1 cm. silica cells in a 
Beckman model DU spectrophotometer. At neutral pH, 3-hydroxyan- 
thranilic acid (1)? gives an absorption maximum at 315 muy, quinolinie acid 
(III) a maximum at 268 muy, and the intermediate, isolated from acid- 
inactivated incubation mixtures, a maximum at 375 my (Fig. 1). In later 
experiments, conditions were achieved for a higher ratio of intermediate 
formation to quinolinie acid formation (see “Optimal conditions for inter- 
mediate accumulation,” and also Fig. 2). However, in incubation mix- 
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Fig. 1. Ultraviolet absorption spectrum of an acid-inactivated incubation mixture 
neutralized to pH 7.0, demonstrating formation of Compound V derived from the 
true intermediate (see the text). 


tures not treated with acid, the absorption maximum of the intermediate 
(Il) at pH 7.0 was observed to be at 360 to 365 mu (9). This true inter- 
mediate will henceforth be distinguished from the compound present after 
acid treatment by the designations, ‘‘intermediate” and “Compound V,”’ 
respectively. In acid solutions, the absorption maximum of Compound V 
is at 315 my and that of 3-hydroxyanthranilie acid at 298 my; the absorp- 
tion maximum of quinolinic acid is not affected by changes in pH values. 
Extinction coefficients for these compounds have been commented on 
previously (9). 


' In separate experiments (Wong, W. T., Miyake, A., and Schweigert, B. 8.), tests 
were conducted to develop a quantitative method for quinolinic acid spectrophoto- 
metrically by optical density measurements at 268 mu. Semiquantitative reliability 
was achieved, as established by comparison with microbiological analyses. 

? The Roman numerals correspond to known and postulated structural formulas 
presented in Fig. 7. 
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Optimal Conditions for Intermediate Accumulation 


Initial studies on the optimal conditions for intermediate accumulation 
showed that half of the maximal amount of the intermediate was accumu- 
lated during the first 2 to 5 minutes of the incubation period as determined 
spectrophotometrically after conversion to Compound V by acid-inactiva- 
tion of the incubation mixtures. Very little quinolinic acid had been 
formed during these time periods (Fig. 2). Thereafter, the amount of 
intermediate accumulated increased gradually to a maximal level, at which 
time all the 3-hydroxyanthranilic acid had been metabolized. There was 
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Fig. 2. Formation of the intermediate and quinolinic acid with time, determined 
as explained in the text by measurements in optical density at 375 and 268 mug, re- 
spectively, and disappearance of 3-hydroxyanthranilic acid as determined fluoro- 
metrically on an acid-inactivated incubation mixture neutralized to pH 7.0. 


a steady accumulation of quinolinice acid throughout the incubation period. 
All of these studies were carried out at pH 7.0, since this was shown to be 
the pH optimum for the system in a series of tests conducted at room 
temperature in silica cells in the Beckman spectrophotometer. Optical 
density increases at 360 my were observed every 15 seconds at each pH for 
1 minute incubation periods. The following increases in optical density 
were observed: 0.016, 0.034, 0.047, and 0.028 at pH 6.0, 6.5, 7.0, and 7.4, 
respectively. 

Variations in the ratio of enzyme to substrate and the incubation time 
influenced the amount of intermediate accumulated. An extensive series 
of experiments in which the above factors were systematically varied 
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resulted in adoption of the following conditions for maximal intermediate 
accumulation: 1 ml. of acetone powder extract (100 mg. of acetone powder 
per ml. of 0.01 m phosphate buffer, pH 7.0), 2 ml. of 3-hydroxyanthranilic 
acid (300 y per ml. of 0.01 m phosphate buffer), 0.5 ml. of 0.01 m phosphate 
buffer, and incubation in 50 ml. beakers for a period of 15 to 20 minutes. 
Inactivation was carried out by addition of 1 ml. of 20 per cent metaphos- 
phoric acid. When larger volumes were used with the same proportion of 
components, little reduction in yield of the intermediate was observed. 


Inhibition-Activation Studies 


Inhibition studies were next conducted with the objective of blocking 
the conversion of the intermediate to quinolinic acid, thus permitting 
greater accumulation of the intermediate. In agreement with the work of 
Henderson (13), it was found that compounds which form metal complexes 
greatly inhibit the metabolism of 3-hydroxyanthranilic acid and that fer- 
rous ions activate this metabolism. The addition of ferrous sulfate at a 
final concentration of 1.4 K 10-* m resulted in 20 to 50 per cent increase 
in the rate of disappearance of 3-hydroxyanthranilic acid, whereas the ad- 
dition of a,a’-dipyridy], o-phenanthroline, ethylenediaminetetraacetic acid, 
or citric acid at a final concentration of 1.4 X 10-* m resulted in 92, 100, 
98, and 64 per cent inhibition respectively. Furthermore, at the same con- 
centration ascorbic acid was found to stimulate the metabolism of 3-hy- 
droxyanthranilic acid approximately 27 per cent, while sodium iodoacetate 
and hydroxylamine hydrochloride inhibited the metabolism 33 and 50 per 
cent, respectively. All of the inhibitions were reversible with ferrous ions, 
except for that of hydroxylamine hydrochloride, which was only partially 
reversed. Cyanide, fluoride, arsenite, 2,4-dinitrophenol, and _ histidine 
(added in individual tests at 1.4 X 10-* m final concentration), catalase 
(0.29 mg. per ml., final concentration) or diphosphopyridine nucleotide 
(7.1 X 10-* m final concentration) had no significant effect on the rate of 
disappearance of 3-hydroxyanthranilic acid. The ultraviolet spectra of 
the supernatant fluids from incubation mixtures to which these compounds 
had been added in no case showed preferential inhibition of the metabolism 
of the intermediate, determined as Compound V, to quinolinie acid. It 
should be pointed out that, although the addition of ferrous ions increased 
the rate of the over-all conversion of 3-hydroxyanthranilie acid to quinolinic 
acid, it did not increase the accumulation of the intermediate. Conse- 
quently, no ferrous ion supplement or other modification was included in 
subsequent experiments. 

The fact that the inhibition of the enzyme by compounds which form 
metal complexes was reversed by the addition of ferrous sulfate may 
indicate that ferrous ion is indispensable for the enzymatic breakdown of 
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3-hydroxyanthranilic acid. The reversal of the sodium iodoacetate inhibi- 
tion with ferrous sulfate may have been due to stimulation of the residual 
enzyme not combined with the inhibitor. The increase in the enzymatic 
activity produced by ascorbic acid may be attributed to its reducing 
property in maintaining in the ferrous state any iron present in the enzyme 
preparation. A preliminary report on this work has been presented (14), 


Isolation of Compound V 


Extraction—As a first step in the isolation of Compound V, acid-inacti- 
vated incubation supernatant solutions were extracted with organic sol- 
vents. It should be emphasized here that it was recognized that acid 
inactivation chemically alters the intermediate to Compound V, as evi- 
denced by the shift in absorption maximum from 360 to 375 my. Never- 
theless, it was deemed productive to investigate the chemical nature of 
Compound V, a more stable compound, with the view that this study 
would contribute information concerning the chemical nature of the 
intermediate. Incubations were carried out in 200 to 400 ml. open beakers 
with an initial 3-hydroxyanthranilic acid content of from 4 to 12 mg. and 
proportionate amounts of enzyme and buffer, as described above. It was 
found that Compound V could be extracted from acid solution with butanol 
or with ether and reextracted from the organic solvents with aqueous 
alkali. The alkaline extract was yellow but became colorless when acidi- 
fied. The ultraviolet absorption spectra of the alkaline extracts from both 
the butanol and the ether extracts showed high peaks at 375 mu. 

3-Hydroxyanthranilic acid is also extracted by these organic solvents, 
as determined by measuring the ultraviolet spectra of the ether and the 
butanol extracts and of the aqueous layers. Small amounts of quinolinie 
acid are extracted by butanol but very little, if any, by ether. For this 
reason, and because it can readily be removed by distillation at low tem- 
peratures, ether was used as the extraction solvent for further studies. 

Chromatography—For further purification of Compound V, ether ex- 
tracts of acid-inactivated incubation supernatant solutions were chroma- 
tographed on paper. The solutions were extracted three times with 3 
volumes of ether each time. The ether extracts were dried by treatment 
with sodium sulfate, or by cooling to —30° and decanting the ether solu- 
tion from the ice. An orange-yellow residue remained after evaporating 
the ether under reduced pressure. This material was redissolved in a 
small volume of ether and spotted on Whatman No. | filter paper. Re- 
crystallized 3-hydroxyanthranilie acid and quinolinie acid were also spotted 
on the chromatogram as controls. The chromatogram was developed by 
the ascending method with a solvent system of Mason and Berg (15), 
which consists of 4 volumes of methanol and 2 volumes each of benzene, 
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butanol, and water. After 10 to 12 hours, the chromatogram was air- 
dried and examined with a long wave-length ultraviolet Mineralight lamp. 
Two principal spots were observed for the preparation from the incubation 
mixtures: a blue fluorescing spot (Rr 0.88) corresponding to the 3-hydroxy- 
anthranilic acid control spot, and a dark ultraviolet-absorbing spot (Rr 
0.58) which was presumed to be Compound V, as it did not correspond to 
the quinolinie acid control spot (Rr 0.52) which could be observed only 
with a short wave-length Mineralight lamp. 

Sections of the paper corresponding to the spots were then cut out and 
eluted with 0.1 N KOH solution, and the absorption spectra of the eluates 
measured. The eluates of the 3-hydroxyanthranilic acid spot and the 
control quinolinie acid spot showed spectra corresponding to those of the 
pure compounds. The eluate of the dark ultraviolet-absorbing spot 
showed a spectrum typical of Compound V, with a maximum at 375 mg, 
thus confirming the identity of the spot. 

For purposes of subsequent chemical analyses, a more concentrated 
ether extract from a large incubation was chromatographed by streaking 
the material a number of times with the aid of a capillary pipette across a 
large sheet of Whatman No. | filter paper, which was subsequently rolled 
into a cylinder for development. Inspection of the developed chromato- 
gram showed Compound V as a yellow band; in addition, a pink band with 
an approximate Py of 0.4 was observed. Upon elution, this pink band 
was found to have an ultraviolet absorption maximum at 378 my at neutral 
pH. This compound may be a degradation product of the yellow Com- 
pound V or it may be another intermediate in the conversion of 3-hydroxy- 
anthranilie acid to quinolinie acid. 

Elution of the bands was carried out with 0.1 mM phosphate buffer, pH 
7.5, by descending chromatography. In this manner all the material to 
be eluted was obtained in approximately 1 ml. of solvent. 


Chemical Studies 


Chemical studies with the purified material obtained by extraction and 
chromatography were undertaken. Specific color tests for various func- 
tional groups were made by spraying the developed chromatogram with 
appropriate reagents. Ninhydrin, ammoniacal silver nitrate, a test for 
diazotizable amines, and Pauly’s test for activated rings all gave negative 
results with Compound V. However, 2,4-dinitrophenylhydrazine reagent 
gave a yellow color at the site of Compound V, a solution of sulfanilic acid 
gave a yellow-orange color, and the ethyl cyanoacetate test for quinones 
gave a deep orange color (16). 

The addition of hydrazine sulfate at a final concentration of 1.4 K 10-% 
m to the incubation mixture resulted in the formation of a soluble yellow- 
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colored derivative after acidification, with the simultaneous disappearance 
of the characteristic absorption peak of Compound V (Fig. 3). The 
hydrazine sulfate could be added during incubation or to the acid-inacti- 
vated supernatant solution prepared from the incubation mixture, but in 
the former case the yellow color appears only after the incubation mixture 
is acidified. The addition of sodium bisulfite after acid inactivation also 
results in the disappearance of the peak characteristic of Compound V. 
The results thus obtained with 2,4-dinitrophenylhydrazine, hydrazine 
sulfate, and sodium bisulfite indicate the presence of a carbonyl group in 
Compound V. The reactions with sulfanilic acid and with ethyl cyano- 
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Fig. 3. Spectrophotometric changes with the addition of hydrazine sulfate to an 
acid-inactivated incubation mixture. Measurements were made after reneutraliza- 
tion to pH 7.0. 


acetate suggested a quinone type compound, since quinones are known to 
form addition products with these reagents. 

Subsequently, a solid derivative of Compound V was prepared with 
2,4-dinitrophenylhydrazine. When this reagent in 2 n hydrochloric acid 
was added to a solution obtained by elution of Compound V from paper 
chromatograms, a red-brown precipitate formed. This precipitate is prob- 
ably an addition product of Compound V and not a true phenylhydra- 
zone if Compound V is a quinone type compound. After two recrystalliza- 
tions from ethanol, the crystals were found to darken at 150° and melt 
with decomposition between 163-170°. <A third recrystallization resulted 
in no change in melting point. 

To test further the possibility that Compound V is a quinone type 
compound, studies similar to those reported by Jackson and Kendal (17) 
were carried out. These workers had found that quinones form colored 
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addition products with compounds containing a secondary amino group 
or a primary amino group attached to an alkyl substituent having a sec- 
ondary structure. Proline, which Jackson and Kendal had found particu- 
larly effective in this reaction, when added to the supernatant solution of 
an acid-inactivated incubation mixture at neutral pH, resulted in gradual 
shifting of the absorption spectrum from that characteristic of Compound 
V, with a maximum at 375 my, to that of a yellow compound having a 
maximum at 400 my (Fig. 4). With arginine the maximum shifted to 385 
my and with alanine to 383 mu. 

Furthermore, Compound V forms yellow products with aniline, quino- 
line, and p-aminobenzoic acid, and also adds bromine, as demonstrated 
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Fia. 4. Reaction of Compound V with proline at pH 7.0 at various time intervals 


by the decolorization of bromine water to which a solution of Compound 
V is added. These compounds have been shown to react with quinones 
(18, 19). 

Analysis by the Kjeldahl method showed less than 1.5 per cent nitrogen 
to be present in a partially purified preparation of Compound V obtained 
by ether extraction of acid-inactivated incubation mixtures. Analysis of 
a preparation purified by chromatography showed it to contain only a 
trace of nitrogen (0.17 per cent), indicating that the small amount of nitro- 
gen found in the crude preparation was due to impurities (Table I). That 
the digestion treatment was sufficiently drastic for oxidation of pyridine 
rings was demonstrated by running simultaneous determinations on known 
samples of nicotinic acid and quinolinic acid. 

The absence of nitrogen in Compound V clearly indicates that this 
compound is a degradation product rather than the true intermediate 
involved in the metabolism of 3-hydroxyanthranilic acid to quinolinic acid. 
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TABLE I 
Nitrogen Analysis of Compound V by Kjeldahl Method 


N in 


Sample | aie d | N found und 
mg. ¥ Y | per cent 

Compound V (crude preparation)............ 2.5 29.1 1.16 
Compound V (crude preparation)............ | 2.2 27.8 1.26 
Compound V (purified by chromatography)..| 9.5 16.6 | 0.17 


* Ma-Zuazaga method (20). The authors wish to thank Mr. Leonard Barrington 
of the Department of Biochemistry for performing the nitrogen analyses by this 
method. 

t Gunning-Arnold digestion followed by distillation of the ammonia and colori- 
metric estimation with Nessler’s reagent (21). 
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Fig. 5. Ultraviolet absorption spectra of an acetone-inactivated incubation 
mixture at neutral pH at various time intervals after removal of the acetone by evap- 
oration and dilution with buffer, pH 7.0. These data clearly indicate the marked 
instability of the true intermediate. 
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Fic. 6. Ultraviolet absorption spectra of an acetone-inactivated incubation 
mixture given the following successive treatments: @, neutral pH; O, acidified (pH 
2.5) and read immediately; A, pH 2.5 for 20 minutes; and A, the sample at pH 2.5 
for 20 minutes, after reneutralization. 
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+ 
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315 my 
Fig. 7. Proposed scheme for conversion of 3-hydroxyanthranilate to quinolinic 


acid and the absorption maxima for the compounds at neutral pH (upper number) 
and at pH 2 to 3 (lower number). 
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This latter fact was confirmed by incubating samples of isolated Compound 
V with fresh enzyme and observing no further metabolism to quinolinic 
acid, 

To determine whether metaphosphoric acid was the agent which caused 
the destruction of the true intermediate, less drastic means of inactivation 
of the enzyme were tried. These studies were carried out by inactivation 
with acetone or ethanol, removal of the protein precipitate by centrifuga- 
tion, and measurement of the ultraviolet absorption spectra of the superna- 
tant solutions at various time intervals. 

The earliest readings, at neutral pH, after inactivation show the absorp- 
tion maximum between 360 and 365 my which Bokman and Schweigert 
(9) had originally shown to be characteristic of the intermediate as it 
exists in the active incubation mixture. However, this maximum grad- 
ually shifts to 400 mu and subsequently disappears (Fig. 5). 

The compound, which has an absorption maximum at 360 to 365 muy at 
neutral pH, has a maximum at 345 my in acid solution. When this com- 
pound is allowed to stand at pH 2.5 for 20 to 30 minutes at room tempera- 
ture, there is a shift of the maximum to 315 mu (Fig. 6). The compound 
having a maximum at 315 my in acid solution shows a maximum at 375 
my at neutral pH, and therefore is probably identical with Compound V 
isolated from acid-inactivated incubation mixtures. 


DISCUSSION 


The positive color reactions obtained with 2 ,4-dinitrophenylhydrazine, 
sulfanilic acid, and ethyl cyanoacetate, the formation of yellow complexes 
with amino acids, aniline, quinoline, p-aminobenzoic acid, and the de- 
colorization of bromine water are all consistent with the view that Com- 
pound V isolated from acid-inactivated incubation mixtures is a quinone 
type compound. The finding that no nitrogen is present in Compound V 
indicates that this compound is an altered product of the true intermediate 
involved in the conversion of 3-hydroxyanthranilic acid to quinolinie acid. 
This is confirmed by the fact that Compound V is not further metabolized 
to quinolinic acid when incubated with fresh enzyme. 

Changes in ultraviolet absorption spectra of incubation mixtures inacti- 
vated with acetone or with ethanol have demonstrated the very unstable 
nature of the true intermediate and its stepwise breakdown into several 
products. Acid treatment of the intermediate produces a spectrum typical 
of the product, Compound V, which was isolated from acid-inactivated 
incubation mixtures, and on which the chemical studies described in this 
paper were performed. 

From the chemical and spectrophotometric results, the following reaction 
scheme for the metabolism of 3-hydroxyanthranilic acid to quinolinic acid 
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and for the breakdown of the true intermediate due to acid treatment has 
been postulated. 

During the metabolism of 3-hydroxyanthranilic acid (I) to quinolinic 
acid (III) by rat liver enzyme preparations, there is the initial formation 
of an o-quinoneimine (II). The o-quinoneimine would certainly be a very 
unstable compound and would readily hydrolyze, particularly in acid 
solution, to o-quinone (IV) and ammonia. It is quite unlikely that any 
of the other structures which have been postulated for this intermediate 
would lose nitrogen under such mild conditions. The possibility that II 
is an unsaturated straight chain compound has not been completely ruled 
out, however. Since o-quinones also are known to be unstable under these 
conditions, the isolated material on which these chemical studies were made 
may actually be a condensation product (V) of the o-quinone. It has been 
shown that o-quinones condense spontaneously to products containing the 
p-quinone grouping (22). A diagram of the proposed scheme, showing 
the wave-length of the ultraviolet absorption maxima at neutral pH and 
at acid pH, respectively, which would correspond to each of the compounds, 
is shown in Fig. 7. 


SUMMARY 


1. Improved conditions for maximal accumulation of an intermediate 
formed in the metabolism of 3-hydroxyanthranilic acid to quinoliniec acid 
by rat liver preparations have been developed. 

2. Inhibition-activation studies have demonstrated stimulation of the 
metabolism of 3-hydroxyanthranilie acid to quinolinie acid by addition of 
ferrous ions or ascorbic acid, complete inhibition of this metabolism by 
a,a’-dipyridyl, ethylenediaminetetraacetie acid, or o-phenanthroline (all 
reversible by ferrous ion), and partial inhibition by sodium iodoacetate 
and hydroxylamine. 

3. A compound formed from the intermediate by acid inactivation of 
incubation mixtures has been isolated by extraction with ether and subse- 
quent paper chromatography. 

4. Results of chemical studies have indicated that the isolated compound 
is a quinone type compound. 

5. Kjeldahl determinations have shown no nitrogen to be present in the 
compound isolated from acid-inactivated incubation mixtures, indicating 
that this compound is a degradation product of the true intermediate. 
This finding is confirmed by experiments which showed that the isolated 
compound was not metabolized to quinolinie acid by fresh enzyme prepara- 
tions. 

6. Changes in ultraviolet spectra of incubation mixtures inactivated 
with acetone or ethanol have demonstrated the extreme instability of the 
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true intermediate. A proposed mechanism for some of the steps in the 
enzymatic conversion of 3-hydroxyanthranilic acid to quinolinie acid and 
for the effect of acid treatment on the true intermediate is presented. 
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STUDIES OF THE ENZYMATIC TRANSFORMATION OF 
3-HYDROXYANTHRANILATE TO QUINOLINATE* 


By C. L. LONG, HELEN N. HILL, I. M. WEINSTOCK,t 
AND L. M. HENDERSON 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana, Illinois) 


(Received for publication, June 17, 1954) 


It was shown with Neurospora crassa mutants that 3-hydroxyanthrani- 
late participates as an intermediate in the transformation of tryptophan 
to nicotinie acid (1, 2). This compound also has nicotinic acid activity 
for the rat (3-5) and Xanthomonas pruni (6). 3-Hydroxyanthranilate is 
converted almost quantitatively to quinolinate by rat liver slices and 
homogenates and by extracts of acetone powder of rat liver, but no nico- 
tinie acid is formed under these conditions (7, 8). The participation of 
an unknown intermediate in this conversion in vilro to quinolinate has 
been shown by spectrophotometric methods (9). Evidence for this inter- 
mediate is the appearance of an absorption maximum at 360 my and the 
simultaneous disappearance of 3-hydroxyanthranilate. As the absorp- 
tion at 360 my decreases with time, there is an increase in the amount of 
quinolinate in the incubation mixture. It has been shown that these 
transformations require oxygen (9, 10). Results of further studies of 
these reactions and of the characteristics of the intermediate are reported 
here. The evidence presented indicates that exposure of the intermedi- 
ate to strong acids converts it irreversibly to a new compound which does 
not give rise to quinolinate. 


EXPERIMENTAL 


Enzyme Preparations—Young adult rats from the local colony were 
killed by decapitation. The livers were removed immediately and ho- 
mogenized in a Waring blendor with 10 volumes of acetone at — 10° for 2 


* Supported in part by grants from the Nutrition Foundation, Inc., New York, 
and the National Dairy Council, Chicago. These results were reported in part at the 
12Ist meeting of the American Chemical Society at Milwaukee in March, 1952. The 
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the Department of Biochemistry, University of Chicago. Experimental data in this 
paper were taken from theses submitted by I. M. Weinstock and C. L. Long in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in Biochemistry 
in the Graduate College of the University of Illinois. 

t Present address, Department of Psychiatry, The New York Hospital, New York. 
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minutes. When beef liver was used, it was obtained fresh, stored at 0°, 
and processed in the same way. The amount of liver processed at any 
one time did not exceed 75 gm. The homogenate was filtered through a 
large Biichner funnel and the thin cake dried overnight in a vacuum des- 
iccator over P2O; and paraffin. The preparation was powdered in a mor- 
tar, sifted through a coarse wire screen, and stored in a vacuum desiccator 
at 5°. These preparations are stable since activity is retained even after 
storage at 5° for 24 months. 

The enzyme solution was prepared by extracting the powder with 10 
volumes of Krebs-Ringer-phosphate buffer at pH 7.4 for 15 minutes at 0° 
and centrifuging in the cold for 15 minutes. For experiments concerned 
with the requirement for cofactors, the enzyme preparation was dialyzed 
against four to five changes of 10 volumes of buffer in a viscose casing 
for a total of 16 to 20 hours at 5°. 

The substrate solution was prepared a few hours before use by dissolv- 
ing 3-hydroxyanthranilic acid in Krebs-Ringer-phosphate buffer at pH 
7.4 at a concentration of 4 wmoles per ml. 

Substrate Disappearance—One of the methods of following the enzyme 
reaction was the disappearance of the 3-hydroxyanthranilate. The fluor- 
ometric method reported (7) was modified in such a way as to give max- 
imal sensitivity so that small changes in substrate concentration could be 
detected. It was found that the intensity of fluorescence of 3-hydroxy- 
anthranilate increased as the polarity of the solvent decreased, and that 
its fluorescence was about 16 times as intense in absolute ethanol as in 
buffer at pH 7.0. As the pH was lowered, the fluorescence decreased, un- 
til the intensity at pH 4.0 was one-fourth that observed at pH 7.0. As 
the pH was increased above 7.0, the solution turned brown and fluo- 
rescence decreased rapidly. 

Since about 85 per cent of the 3-hydroxyanthranilate in aqueous solu- 
tion at pH 2.5 can be removed with two successive extractions with equal 
volumes of ether, this method was used to rid samples of interfering fluo- 
rescent or highly colored substances which are not ether-extractable 
under these conditions. The samples were adjusted to pH 2.5, and an 
aliquot containing not less than 0.5 y per ml. was extracted twice with 10 
volumes of redistilled, peroxide-free ether. 

The ether was evaporated to dryness on a steam cone and the residue 
dissolved in sufficient absolute ethanol to give a concentration of 0.05 to 
0.20 y per ml. A series of standard solutions was extracted and prepared 
in the same way. 10 ml. of each solution were placed in a calibrated 
tube, 2 drops of a 20 per cent aqueous solution of ascorbic acid were 
added to each, and the tubes were heated in a water bath for 30 minutes 
at 70-75°. It was found that this treatment restored fluorescence lost in 
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an aged 3-hydroxyanthranilate solution, and reproducible standard 
curves were obtained. Allowing the solution to stand with ascorbic acid 
for several days at room temperature resulted in similar restoration of 
fluorescence. After being cooled, the samples were read in a Coleman 
photofluorometer with the B-1 and PC-1 filters with quinine sulfate as the 
reference standard. Samples which did not contain interfering ether- 
insoluble colored or fluorescent ‘substances were diluted directly with 
absolute ethanol, care being taken to keep the water concentration below 
5 per cent. 

With this method it was possible to measure accurately the 3-hydroxy- 
anthranilate present in solutions containing as little as 0.5 per ml. The 
use of ascorbic acid made it possible to delay the analysis of samples for 
several days without loss of the accuracy due to loss of fluorescence with 
aging. 

Other Methods—Quinolinic acid was determined by autoclaving the 
samples for 2 hours at 15 pounds pressure with glacial acetic acid and 
measuring the nicotinic acid formed by using Lactobacillus arabinosus 
17-5 as the test organism (5). 

The amount of intermediate was determined by diluting the samples 
with phosphate-citrate buffer at pH 7.5 and determining the absorption 
with the model DU Beckman spectrophotometer at 360 my. The units 
of the intermediate were calculated by multiplying the dilution times the 
optical density. 

All oxygen uptake studies were carried out in an atmosphere of air at 
38° with the standard Warburg apparatus. In an oxygen atmosphere the 
reaction was much slower, possibly because of the oxidation of Fe**. 
The length of incubation varied from 30 minutes to 1 hour. The sub- 
strate, always at a concentration of 2 umoles per flask, was added from 
the side arm. The enzyme concentration varied from 5 to 100 mg. of 
acetone powder extract per flask. The center well contained 0.2 ml. of 
10 per cent KOH. Krebs-Ringer-phosphate buffer at pH 7.4 was used 
throughout to bring the total volume to 3.2 ml. When Fe** was used, 
0.2 ml. of a FeSO, solution was added with the enzyme to produce a final 
concentration of 10-* m in the flask. Since Fe** forms a precipitate in 
phosphate buffer, the concentration of Fe** needed for the reaction was 
determined in tris(hydroxymethyl)aminomethane buffer at pH 7.4. 
Maximal oxygen uptake in this buffer was found with 5 K 10-° m Fet. 


RESULTS AND DISCUSSION 


As previously reported (9), the disappearance of substrate was accom- 
panied by the appearance of a product which exhibited an absorption 
maximum of 360 my at pH 7.5. When this reaction mixture was 
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acidified, an absorption maximum at 315 to 320 my resulted, and when 
this solution was reneutralized to pH 7.5, the absorption maximum had 
shifted to 375 mu. This indicated that the original substance (Com- 
pound I) was modified by the acid treatment to give a second product 
(Compound II). To study these compounds, it was apparent that a 
method of accumulating the intermediate in its unchanged form was nec- 
essary. Since Compound I is converted to Compound II with strong 
mineral acids, a study of the rate of this conversion as a function of pH 
was made. It was found that, if the incubation mixture were acidified 
to pH 3 or 4 and then neutralized immediately, only small amounts of 
Compound II were formed. At pH 1, the conversion of Compound I to 
II was rapid and irreversible. When the reaction was stopped by pre- 
cipitating the proteins with heavy metals, a rapid destruction of Com- 
pound I occurred and no Compound II was formed. The most rapid and 
effective methods of stopping the reaction were by adding ethanol or ace- 
tone, usually to a final concentration of 66 per cent. To find the point 
of maximal accumulation of Compound I, the reaction was followed by 
pipetting 0.1 ml. aliquots of the incubation mixture into 9.9 ml. of abso- 
lute ethanol and measuring its fluorescence. As the fluorescence ap- 
proached zero intensity, the reaction was stopped by adding 2 volumes 
of acetone or ethanol. When Compound II was desired, the reaction 
mixture was acidified to pH 1, neutralized to pH 7, and the denatured 
protein removed by centrifugation. 

Since it has been shown that the over-all reaction requires oxygen (7), 
manometric studies were carried out in an effort to determine the oxida- 
tion state of Compound I. Two methods were used in following the rate 
of disappearance of reactants and appearance of products. In one case, 
aliquots were removed periodically from the reaction mixture, acidified to 
pH 1 or 2 with n HCl, and analyzed for 3-hydroxyanthranilate, quinolin- 
ate, and Compound II. Oxygen uptake was determined simultaneously 
on a replicate flask. The other method involved the measurement of all 
of the components in the same flask. This was done by using a series of 
two side arm flasks. After reading the oxygen uptake at various time 
intervals, the reaction was stopped by tipping HCl from the side arm. 
The contents of each flask were analyzed for substrate and products. 
Similar results were obtained by both methods. From the data pre- 
sented in Fig. 1, it will be noted that the rate of oxygen uptake was 
slightly smaller than the rate of substrate disappearance on a molar basis. 
This difference is frequently more marked, but is not sufficiently large or 
consistent to establish with certainty the occurrence of two reactions, 
each involving 0.5 mole of oxygen. With this amount of beef liver ace- 
tone powder (10 mg. per flask), oxygen uptake and substrate disappear- 
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ance were essentially complete in 15 minutes. At this time, about 40 per 
cent of the substrate had appeared as quinolinate while the absorption at 
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Fic. 1. Results of a rate study of the oxidation of 3-hydroxyanthranilate (3- 
OLAA) by beef liver acetone powder. Each flask contained the extract from 10 mg. 
of acetone powder, 2 wmoles of substrate, 10? mM, FeSO,, and phosphate buffer to 3.0 
ml. The reaction was arrested at the times indicated by tipping 0.2 ml. of Nn HCl 
from the side arm. QA is quinolinic acid. 


375 my had reached a maximum of 20 units. When beef liver acetone 
powder was used at 20 mg. per flask, substrate disappearance was com- 
plete in 5 minutes, and an average of 30 units of Compound II was 
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formed. About one-fourth of the substrate had appeared as quinolinate 
with this enzyme preparation. In all cases the formation of quinolinate 
occurred at the expense of the material which absorbs at 375 my after 
acidification and subsequent neutralization. 

Experiments with 100 mg. of rat liver acetone powder gave similar re- 
sults; in this case, the substrate disappeared within 3 minutes. The oxy- 
gen uptake had reached a theoretical value in 5 minutes, but continued 
at a diminished rate. This excessive oxygen uptake has been observed 
consistently when more than 50 mg. of acetone powder per flask was used. 
The disappearance of the intermediate was very rapid with this high 
level of enzyme. The appearance of quinolinate was 1.5 times as rapid 
as it was when 25 mg. of acetone powder were used. In both experi- 
ments, the difference between the amount of 3-hydroxyanthranilate dis- 
appearing and of quinolinate appearing corresponded closely with the 
amount of Compound II formed at any given time, when it was assumed 
that 1 wmole corresponds to 20 spectrophotometric units of Compound II. 
The initial rate of formation of Compound I (measured after conversion 
to Compound II) as compared to the rate of disappearance of 3-hydroxy- 
anthranilate also indicates that 1 wmole of Compound II corresponds to 
approximately 20 spectrophotometric units. 

Many attempts have been made to show the need for dialyzable cofac- 
tors. It was found that dialysis of the crude enzyme eliminated the 
oxygen uptake in this system (Fig. 2), as well as stopping the disappear- 
ance of 3-hydroxyanthranilate and the appearance of quinolinate. An 
aliquot of the enzyme, aged for the same period of time at the same tem- 
perature, retained its activity. The addition of the lyophilized dialysate 
partially restored activity, while a boiled extract completely restored ac- 
tivity. It was found that diphosphopyridine nucleotide and flavin ade- 
nine dinucleotide had no restorative effect. The ash of the dialysate had 
no effect, an indication that the cofactor was not a metal ion. However, 
the demonstration of the requirement for Fe** in the oxidation of homo- 
gentisic acid by rabbit liver enzyme, as shown by Suda and Takeda (11), 
prompted the use of Fe++. The activity of the dialyzed enzyme was thus 
completely restored. It was assumed that the inability of the ash of the 
dialysate to restore activity was due to the oxidation of Fe++ to Fe**, 
since Fet**+ was found to have no effect on the reaction. The addition 
of a,a’-dipyridy] and o-phenanthroline inhibited the reaction; ferrous iron 
completely reversed this inhibition, as shown by oxygen uptake measure- 
ments and also by the disappearance of 3-hydroxyanthranilate and the 
appearance of quinolinate (Table I). 

The effect of dialysis is probably caused only by loss of Fe**, since the 
oxygen uptake was the same with added Fe** alone and with Fe** plus 
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boiled extract. The activity was restored to that obtained with a con- 
trol, aged enzyme preparation. The divalent metals, Nit+, Mnt*, Cot, 
and Ca**, had no effect in activating the dialyzed preparation. 
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Fic. 2. Effect of dialysis on the rate of oxygen uptake. The enzyme used in the 
control flask was dialyzed for 16 hours against phosphate buffer at 5°. The dialysate 
was lyophilized. 


TABLE I 


Effect of Fe** and Agents Forming Fe+*+-Complezes on Oxidation of 
8-H ydrozxyanthranilate (3-OHAA) 


remaining after 


Additions to 2 umoles 3-OHAA and 25 mg. acetone powder 


min. 60 min. 
10-3 + FeSO,, 10°? Mm... ..... 1.81 1.81 | 0.0 
o-Phenanthroline, 107? M.......  —0.16 —0.06 1.97 
10-3 + FeSO,, M....... | 1.58 1.58 | 0.0 


Since it had not been possible to obtain completely consistent results 
in correlating the oxygen uptake with 3-hydroxyanthranilate disappear- 
ance, the fractionation of the enzyme system was undertaken. A _ pu- 
rified enzyme preparation might be used to determine whether the con- 
version of 3-hydroxyanthranilate to Compound I proceeds through a 
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one- or a two-step oxidation. Attempts in this fractionation have not 
been successful in resolving the enzymes if two exist, but points of in- 
terest concerning the system have been noted. It was found that, in the 
initial stages of fractionation, activity was completely lost after one or 
two steps, but could be restored by the addition of 10~* mM cysteine or re- 
duced glutathione. Continued fractionation resulted in loss of the en- 
zyme activity with no stimulation from cysteine. Recombination of 
fractions did not restore activity. Because of the apparent instability of 
the system, the results reported here are for isolated steps only. The en- 
zyme activity is precipitated between 40 and 70 per cent saturation with 
ammonium sulfate. The enzyme is very soluble in ethanol and acetone, 
since most of the activity remained in the supernatant fluid at 50 per cent 
concentration of either solvent. In the presence of 20 per cent ethanol, 
the activity is precipitated by zine chloride at a concentration of 0.005 mM. 
Versene (ethylenediaminetetraacetic acid) formed a complex with the 
zine which was then removed by dialysis. This appeared to be an excel- 
lent step, but activity was completely lost in any further fractionation. 

The enzyme reaction is insensitive to catalase, azide, sodium fluoride, 
sodium sulfide, and cysteine at a concentration of 10-? Mm. At a concen- 
tration of 10-* M, arsenite, iodoacetic acid, and glutathione did not affect 
the reaction, but, when this concentration was increased to 10~-* m, there 
were less oxygen uptake, less 3-hydroxyanthranilate disappearance, and 
less quinolinate appearance. Low levels of KCN (10-* m) had no effect 
on the reaction, but 5 & 10-* m caused inhibition. 

Stability studies indicate that Compound I is quite unstable. It was 
destroyed by boiling for 3 minutes in neutral solution and disappeared 
rapidly at pH 7 in aqueous solutions at room temperature. Complete 
loss of Compound I resulted when it was stored for 24 hours at room tem- 
perature in 66 per cent ethanol. At 5° a loss of 30 to 35 per cent oc- 
curred in 24 hours and 75 per cent in 4 days. When stored at —10° for 
24 hours, the loss from acetone solutions was 3 per cent and in ethanol 20 
per cent. If these solutions were allowed to stand 4 days under the same 
conditions, the loss from acetone solutions was 33 per cent and from 
ethanol 57 per cent. 

When the complete absorption spectrum was determined in ethanol at 
concentrations above 66 per cent and at pH 7.4, two maxima were evi- 
dent, one at 340 my (e€ = 11,000)! and the other at 290 my (e = 6000). 
As previously stated, the absorption maximum of Compound I in phos- 
phate-citrate buffer at pH 7.5 is 360 mu (e = 28,300). 

1The molecular extinction coefficient (€) was calculated on the assumption that 


the molecular weight of Compound I is approximately that of the substrate and that 
30 units equal 1 umole of intermediate. 
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Since Compound I may arise from the 3,4 fission of 3-hydroxyan- 
thranilate to produce a carbonyl group, the effect of carbonyl reagents 
was tested. Semicarbazide, hydroxylamine, bisulfite, and hydrazine at a 
concentration of 4 umoles per flask did not alter oxygen uptake values or 
3-hydroxyanthranilate disappearance and quinolinate appearance. There 
was no apparent reaction when hydroxylamine was added to Compound 
I, since it did not alter the absorption spectrum. 

Compound II is stable at a pH below 7 for more than 10 days when 
stored at 5°. At room temperature destruction is more rapid, 50 per cent 
disappearing in 3 days. Above pH 7 it is relatively unstable at 5°, more 
than one-half disappearing in 12 hours. Exposure to diffuse light caused 
the disappearance of 20 per cent in neutral solution and 35 per cent in 
acid solution in 2 hours at room temperature. In alcohol it is more 
stable, 15 per cent disappearing in | month at —10°. Compound II is 
ether-extractable at pH 1 to 2, but not at higher pH values. Repeated 
extractions with redistilled peroxide-free ether gave a yellow solution 
which yielded a red-brown solid when the ether was removed. This sub- 
stance represented a major portion of the spectrophotometric activity, 
but was contaminated with 3-hydroxyanthranilate. Attempts to purify 
Compound II by continuous ether extraction resulted in poor yields. 

Compound II has an isosbestic point at 342 my (Fig. 3). At pH 7.5 
Compound II has one absorption maximum at 375 my (e = 20,000). At 
pH values above 10, this absorption was stronger (« = approximately 
25,000). As the pH is lowered, the absorption at 375 my diminishes and 
another maximum at lower wave-lengths is noted. At pH 6.5 two dis- 
tinct maxima are present, one at 325 my and the other at 375 mp. A 
further lowering of the pH causes an increase and a shift in the absorp- 
tion maximum to shorter wave-lengths with a corresponding decrease at 
375 mu. Below pH 4.0 there is one absorption maximum at 315 mu. 
When the absorption spectrum was determined at pH 7.4 in ethanol con- 
centrations above 66 per cent, only one maximum was found at 330 my 
(e = 12,000). At a low pH the absorption maximum in ethanol was 315 
mu, and at a high pH 375 mu. 

When Compound II was treated with hydroxylamine or sodium bisul- 
fite, the absorption maximum at 375 my immediately disappeared. A 
slow decrease in optical density at 317 my occurred when acid solutions 
of Compound II reacted with semicarbazide and phenylhydrazine at 
room temperature. The conversion of Compound I to Compound II 
thus appears to involve the formation of a compound which has carbonyl 
characteristics. 

In an effort to determine whether the conversion of Compound I to 
quinolinate is enzymatic or spontaneous, the intermediate was prepared by 
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stopping the reaction with acid to pH 3 to 4 and quickly reneutralizing to 
pH 7.4. Compound II was studied under the same conditions to deter- 
mine whether it is a quinolinate precursor. It was prepared by stopping 
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Fig. 3. Iffect of pH on the absorption spectrum of a concentrate of Compound II 
prepared by ether extraction at pH 2.5. The ether was removed from aliquots and 
each residue dissolved in phosphate-citrate buffer at the pH shown. 


a reaction with acid at pH 1 and reneutralizing to pH 7.4. Only the so- 
lution which had been acidified to pH 3 to 4 showed any activity as a 
quinolinate precursor. At the time the mixture was acidified it con- 
tained 1.2 umoles of Compound I and 0.48 wmoles of quinolinate. After 
30 minutes incubation with or without fresh enzyme, Compound I had 
completely disappeared and 0.96 and 0.87 umole, respectively, of addi- 
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tional quinolinate had appeared. This does not prove that the reaction 
is spontaneous because the original enzyme might survive exposure to pH 
3. To establish this point definitely, an incubation mixture was divided 
in two parts, one stopped with 83 per cent ethanol and the other with 
acid to pH 1.5. The acidified sample was reneutralized and ethanol was 
added to 83 per cent. Each solution was then divided in half and each 
portion diluted with 2 volumes of 83 per cent ethanol in one case and 
Krebs-Ringer-phosphate buffer, pH 7.4, in the other. Compound I in 
this concentration of ethanol or in buffer produced quinolinate in almost 
theoretical amounts when stored at 5° for 15 days, at room temperature 


II 
Evidence Concerning Spontaneous Conversion of Compounds I and II to Quinolinate 


Quinolinic acid per 3 ml. 


Conditions From semnanans I From Compound II 
Initial Final Initial Final 


In 83% ethanol for | | 
| 
| 


15 days at 5° 0.38 1.20 0.29 0.36 

5 days at room temperature 0.38 1.19 | 0.29 0.33 

100° for 5 min. 0.38 1.06 | 0.29 0.31 
In phosphate buffer* for | | 

15 days at 5° 0.44 1.39 0.28 0.44 

5 days at room temperature 0.44 1.27 0.23 0.37 

100° for 5 min. 0.44 1.26 0. 


. Prepared from 83 per cent ethanol re diluting with Krebs- Ringer- phosphate 
buffer. 


for 5 days, or when heated for 5 minutes at 100°. The analysis of the 
acidified samples treated similarly showed only small amounts of quino- 
linate, which may be the result of incomplete conversion of Compound I 
to Compound II. From these results (Table II) it is evident that the 
conversion of Compound I to quinolinate can be spontaneous. Similar 
results have been attained with 92 per cent ethanol solutions of Com- 
pound I. This does not preclude the possibility of enzymatic catalysis 
of its formation. 

The fact that oxygen uptake depended on the presence of ferrous iron 
suggested that this activator was required in the formation of Compound 
I. This was confirmed by the results (Table IIT) of experiments in which 
incubation mixtures containing Compound I, but no 3-hydroxyanthrani- 
late, were incubated with o-phenanthroline or a,a’-dipyridyl with and 


O 
ig 
| 
a 
r 
d 
* 


416 3-HYDROXYANTHRANILATE TO QUINOLINATE 


without added Fe+*. There was no evidence that Fe** is required for the 
conversion of Compound I to quinolinate. 

From the results herein reported, it is evident that the transient inter- 
mediate (Compound I) formed during the enzymatic oxidation of 3- 
hydroxyanthranilate to quinolinate is rapidly converted to the second, 
more stable Compound II. Compound I is converted to quinolinate 
under such conditions as to indicate that the reaction can proceed 
without enzyme catalysis. 

The data obtained in the oxygen uptake studies suggest strongly that 
Compound I, and probably Compound II, has the same oxidation state 
as quinolinate. Thus the results suggest that this oxidation involves re- 
moval of 4 electrons and hence two reactions. So far there have been no 
clear indications that these two reactions can be separated. 


III 
Participation of Fe** in Conversion of 3-Hydroxyanthranilate to Compound I* 
Description of flasks Quinolinate formed 
Reaction mixture stopped at 5 0.77 
Continued incubation of reaction mixture........................ 1.70 
with M a,a’-dipyridyl 1.80 


* Analysis of the reaction mixture showed a complete disappearance of substrate 
in 5 minutes. 


SUMMARY 


1. Further evidence for the participation of an unstable intermediate 
(Compound I) in the oxidation of 3-hydroxyanthranilate to quinolinate 
has been presented. 

2. The requirement for ferrous iron in the formation of Compound I 
has been demonstrated, but the subsequent conversion to quinolinate is 
not dependent upon this activator. 

3. It appears that the conversion of Compound I to quinolinate can be 
spontaneous, since theoretical amounts of quinolinate are produced as 
Compound I disappears from aqueous or ethanol solutions after removal 
of the protein with 83 to 92 per cent ethanol. 

4. Acid treatment irreversibly converts Compound I to a more stable 
Compound II. The latter did not give quinolinate under any conditions 
tested. 

5. Compound II reacts readily with some carbonyl reagents but 
Compound I does not. 
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THE ACTION OF HYDROXYLAMINE AND CYANIDE ON 
ALCOHOL DEHYDROGENASE OF HORSE LIVER* 
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FRANCIS E. STOLZENBACH 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 
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In a previous communication, we reported the competitive inhibition 
of hydroxylamine on horse liver, yeast, and other alcohol dehydrogenases 
(1). It was noted that in the case of the crystalline horse liver enzyme 
much greater inhibition occurred when the enzyme was preincubated with 
DPN! and hydroxylamine. Under these preincubation conditions, the 
hydroxylamine inhibition was not strictly competitive with ethanol. It 
was suggested that a DPN-hydroxylamine complex was formed with the 
enzyme which was not readily dissociated. The present and following 
papers (2, 3) deal further with the hydroxylamine inhibition of horse liver 
ADH and also with the action of cyanide on the enzyme. 


Methods 


Horse liver alcohol dehydrogenase was crystallized by the method of 
Bonnichsen (4). The enzyme was recrystallized three times and pos- 
sessed the properties of the preparations described by Bonnichsen (4) and 
Theorell and Bonnichsen (5). Yeast alcohol dehydrogenase was prepared 
by Racker’s method (6). 

The DPN used in this study was a 90 per cent preparation obtained 
from the Sigma Chemical Company. TPN, which assayed 70 per cent 
pure, also was obtained from Sigma. Reduced DPN was prepared as 
described previously (7). 


Results 


Effect of Preincubation of Hydroxylamine and DPN on Horse Liver Alcohol 
Dehydrogenase Activity—Our earlier experiments indicated that preincuba- 
tion of the horse liver alcohol dehydrogenase with DPN and hydroxyl- 


* Contribution No. 75 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society as recommended by the Committee on Growth of the 
National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 

1 The following abbreviations are used: TPN, triphosphopyridine nucleotide; 
DPN, diphosphopyridine nucleotide; DPNH, reduced DPN; ADH, alcohol dehy- 
drogenase; Tris, tris(hydroxymethyl)aminomethane. 
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amine produced an inhibitory complex which was not easily dissociable. 
Further study of this phenomenon showed that under these preincubation 
conditions very low concentrations of hydroxylamine would produce in- 
hibition, even when high concentrations of ethanol were used. This is 


TABLE 


Effect of Preincubation of Hydrozylamine and DPN on Inhibition of Horse 
Liver Alcohol Dehydrogenase 

100 y of ADH were preincubated with DPN and hydroxylamine in 0.1 m KeHPO, 
in a total volume of 0.5 ml. at 25° for 10 minutes. 0.05 ml. was then diluted with 3.0 
ml. of a mixture of 0.1 m Tris (pH 10.1) and 0.005 mM ethanol in Beckman cells. 0.05 
ml. of DPN (25 mg. per ml.) was then immediately added and readings observed at 
340 mu. The initial rate represents the rate between 15 and 120 seconds after addi- 
tion of DPN. Rates expressed as optical density « 1000. 


Preincubated with | Preincubated with DPN* | Initial rate | Per cent inhibition 
0 0 | 225 
0 5 X 107° | 225 0 
1 xX 10-3 0 | 185 17 
1 xX 5 X 10-5 | 18 92 


* Concentration in preincubation mixtures. 


TaB_e II 


Effect of Hydroxylamine Concentration on Inhibition of Horse Liver 
Alcohol Dehydrogenase 


Reaction carried out as in Table I, but with varying concentrations of hydroxyl- 
amine. DPN concentration in each case 5 K 10°° mM. Rates expressed as optical 
density X 1000 and are the same as in Table I. 


Hydroxylamine | Rate | Per cent inhibition 
M 

0 | 210 | 

2.5 XK 10°° 114 | 46 

1 xX 10°% 63 70 

10° 50 | 76 

5 x 10-3 | 27 | 87 


illustrated in Table I, from which it is evident that marked inhibition occurs 
only when both hydroxylamine and DPN are preincubated with the en- | 
zyme. DPN incubated alone has no inhibitory action, whereas hydroxyl- 
amine alone causes only a slight inhibition. 

Table II summarizes the effect of hydroxylamine concentration on the 
liver dehydrogenase. A concentration of 2.5 X 10-°m produces approxi- 
mately 50 per cent inhibition. 
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Fig. 1 illustrates the effect of DPN concentration on the hydroxylamine 
inhibitor. Half inhibition is obtained with about 10-°> m DPN. This 
value is quite close to Theorell and Bonnichsen’s Ky for DPN (5). 


Teorey 
8 
= 
= @ 
50 

5 iO 5 20 25 30 35 


DPN CONC. x 10° 


Fic. 1. Effeet of DPN concentration on hydroxylamine inhibition of liver aleohol 
dehydrogenase. Reaction carried out as in Table I, with 2 X 10-' m hydroxylamine 
but varying DPN levels. 


Taste 

Effect of Dialysis on Hydrorylamine Inhibition of Liver Alcohol Dehydrogenase 
A mixture containing 0.5 mg. of horse liver ADH, 0.1 wm Ke-HPO,, 1 K 10~4 m hy- 
droxylamine, and 5 mg. of DPN, in a total volume of | ml., was dialyzed for 24 and 
48 hours against 1 liter of 0.1 m KeHPO,. As a control, DPN was omitted from a 
similar mixture dialyzed in the same manner. The dialysis fluid was changed every 
24 hours. 0.05 ml. samples at 0, 24, and 48 hours were diluted with the 0.1 m Tris 
(pH 10.1) to 3.0 ml., and 0.15 ml. of DPN (25 mg. per ml.) were added. 0.1 ml. of 
0.1 um aleohol was then added to start the reaction. Initial rate as in Tables I 
and Il. Rates expressed as optical density & 1000. 


Time of dialysis | DPN Per cent inhibition 
0 | 195 | 51 75 
24 | 226 | 129 43 
48 | 229 175 23 


It is of interest to note that hydroxylamine even at high concentrations 
does not produce complete inhibition of the liver enzyme, indicating that 
the inhibitory complex is somewhat dissociable. The inhibitory action of 
DPN and hydroxylamine on the enzyme can be reversed by dialysis. In 
the experiments of Table III DPN and hydroxylamine were incubated 
with enzyme and then samples of the reaction mixture dialyzed against 
0.02 m KCl. The data show that after long dialysis (48 hours) the rate of 
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the inhibited system begins to approach the control rate which is repre- 
sented by a reaction mixture in which hydroxylamine alone was incubated 
with the liver protein. The results in Table III are significant, since they 
demonstrate the reversibility of the hydroxylamine inhibition and also that 
the inhibitory complex’ dissociates at a very slow rate, as indicated by the 
long dialysis period for recovery of the enzyme activity. 

Table IV shows the specificity of oxidized DPN for the inhibitory action 
of hydroxylamine. Reduced DPN produced some inhibition, but this 
may be due to some oxidation of the reduced nucleotide. Oxidized TPN, 
which reacts only very slowly with the liver enzyme, is not effective in 
promoting the inhibition exerted by hydroxylamine. If acetaldehyde is 
incubated with the reduced DPN, inhibition of the same magnitude is ob- 
tained as with the oxidized DPN. The fact that inhibition results only 


TaBLe IV 


Action of DPN, DPNH, and TPN on Hydrozylamine Inhibition of Horse 
Liver Alcohol Dehydrogenase 


Conditions as in Table I; 3 K 10°? m hydroxylamine used in each case. Rates 
expressed as optical density & 1000. 


Nucleotide Initial rate Per cent inhibition 
None | 209 | 
5 X mM DPN. 40 SI 
5 &X 10°5 ** TPN | 204 3 


5 X “ DPNH 172 | is 


on preincubation with the oxidized coenzyme and not with the reduced 
nucleotide suggests that a hydroxylamine reaction with DPN can oceur 
only with the oxidized pyridine nucleotide. This would be expected, since 
only oxidized DPN and not DPNH forms addition compounds with re- 
agents such as cyanide (8), bisulfite (8), dihydroxyacetone (9), and hy- 
droxy] ions (10). 

Effect of Hydroxylamine on Acctaldehyde Reduction—Since hydroxylamine 
inhibited ethanol oxidation, it was of interest to determine whether the 
compound could also inhibit the reverse reaction, that is, the reduction of 
acetaldehyde by DPNH. Table V shows the effect of hydroxylamine on 
the acetaldehyde reduction. The experiments were carried out without 
preincubation of enzyme, hydroxylamine, or pyridine nucleotide. Pre- 
incubation does not increase the magnitude of inhibition of hydroxylamine 
on the reduction of acetaldehyde by reduced DPN; this is in contrast to the 
results with the oxidation of ethanol by the oxidized nucleotide. 


? The inhibitory complex refers to the DPN-hydroxylamine complex bound to the 
liver dehydrogenase (2). 
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The inhibition produced by hydroxylamine is not due to binding of 
acetaldehyde, since the concentrations of the aldehyde used in Table V 
were 6 X 10°? mM, whereas the concentration of hydroxylamine required to 


Taspie V 


Effect of Hydrozylamine on Acetaldehyde Reduction by Horse Liver 
Alcohol Dehydrogenase 
The reaction mixtures contained 0.5 umole of DPNH, 0.1 m phosphate buffer (pH 
7.5), 3 y of enzyme, and hydroxylamine. Total volume 3 ml. Reaction initiated 
by addition of 0.05 ml. of 05 M acetaldehyde. The initial rate represents the de- 
crease at 340 mg, 15 to 60 seconds after addition of enzyme. The reaction rate 
represents optical density 1000. 


Hydroxylamine concentration Initial rate Per cent inhibition 

0 382 

6x lO? 383 0 
2.4 X 245 36 
6 x 10°* 103 73 
1.2 xX 69 S2 
2.4x 10° 3S 90 
6 x 10°° 0 100 


Tasie VI 
Effect of Hydroxylamine on Acetaldehyde Reduction by Yeast Alcohol Dehydrogenase 
The reaction mixtures contained 1 y of crystalline yeast alcohol dehydrogenase 
in 0.1 M phosphate buffer, pH 7.5, + 0.45 amole of DPNH. Total volume 3ml. Re- 
action initiated by addition of acetaldehyde. Values for inhibition after addition 
of enzyme. 


Acetaldehyde 1 10°* hydroxylamine 1 10°* m hydroxylamine 
(per cent inhibition per cent tabibition 
1.3 xX lo? Sl 25 
5.2 x 10° | 77 18 
2.6 x 10°? | 68 10 


produce half inhibition is less than 6 X 10-'m. Semicarbazide under iden- 
tical conditions has no effect on the acetaldehyde reduction. 

As can be observed from the data in Table V, the inhibitory concentra- 
tion of hydroxylamine for the acetaldehyde reduction is considerably lower 
than that required to produce inhibition of alcohol oxidation (see Table 
Il). Furthermore, the hydroxylamine has no competitive properties with 
acetaldehyde, as is the case with the ethanol. 

Table VI presents some results as to the effect of hydroxylamine on the 
reduction of acetaldehyde by yeast alcohol dehydrogenase. Hydroxyl- 
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amine in a concentration of 10-* m produces considerable inhibition when 
an approximately equal level of acetaldehyde is used. Increasing the 
acetaldehyde concentration lowers the inhibition slightly. It is not clear 
whether the data in Table VI represent a competitive relationship between 
the acetaldehyde and hydroxylamine for the yeast enzyme or merely indi- 
cate that more acetaldehyde is available for the enzymatic reaction because 
of the chemical reaction between the hydroxylamine and acetaldehyde. 
It is most significant, however, that the liver enzyme is approximately 100 
times as sensitive to hydroxylamine with respect to the inhibition of acet- 
aldehyde reduction as is the yeast system (compare Tables V and VI). 


TaBLe VII 


Effect of Hydroxylamine Derivatives on Horse Liver Alcohol Dehydrogenase 
k:xperiments carried out as in Table IT. 


Compound | Concentration Per cent inhibition 
M 

5 x 10° 78 
2-Butanone oximef........ 5x 
5 x Is 
10% 0 
3x 10% 22 
Nitrophenylhydroxylamine§ 3x 31 


* Kindly supplied by Dr. R. DeMoss. 

t Obtained from the Eastman Kodak Company. 
t Kindly supplied by Dr. B. L. Horecker. 

§ Kindly supplied by Dr. M. Zucker. 


Effect of Hydroxylamine Derivatives on Oxidation of Ethanol by Horse 
Liver ADH—Nitrohydroxylamine, nitrophenylhydroxylamine, and meth- 
oxyamine have little inhibitory action on the horse liver ADH when studied 
under identical conditions with hydroxylamine (Table VII). Pyruvoxime 
was found to be a marked inhibitor of the reaction and showed the charac- 
teristic preincubation effect found with hydroxylamine. Salicylaldoxime 
and 2-butanone oxime, however, had very little effect on the reaction 
(Table VII). The effect of pyruvoxime does not appear to be due to a dis- 
sociation of the oxime into free hydroxylamine. It is difficult at present 
to understand the activity of the pyruvoxime as contrasted to the inactivity 
of the other compounds listed in Table VII. 

Effect of Cyanide on ADH—In testing the specificity of hydroxylamine 
on liver ADH, it was noted that cyanide also inhibited the oxidation of 


ae 


l 
] 
( 
\ 


ion 


KAPLAN, CIOTTI, AND STOLZENBACH 425 


ethanol by DPN. Table VIII shows that a cyanide concentration of 1 X 
10-* m produces almost complete inhibition of the reduction of DPN. The 
experiments in Table VIII were carried out at pH 10; at this pH and 
cyanide concentration there is a considerable chemical reaction between 
DPN and cyanide (8). The changes in optical density at 340 my pro- 
duced by the chemical reaction have been corrected in the data of Table 
VIII. It is of interest to note that at a cyanide level of 1 K 10-5 Mo, at 
which there is no chemical reaction, there is still a significant inhibition 
(36 per cent) of the enzymatic reaction. Yeast alcohol dehydrogenase is 
not affected by cyanide under conditions in which the liver enzyme is al- 


Tasie VIII 
Effect of Cyanide on Horse Liver Alcohol Dehydrogenase 

The reaction mixtures contained 0.1 m Tris (pH 10.1), 3 K 10-4 m ethanol, 25 y of 
horse liver alcohol dehydrogenase, with and without cyanide, in 3 ml. Reaction 
started with 0.05 ml. of DPN (25 mg. per ml.). “Chemical reaction rate” represents 
reaction with evanide alone; ‘‘control enzymatie rate’’ is the rate in the absence of 
evanide. The rate is measured from 15 to 180 seconds after addition of DPN and 

is expressed as the optical density at 340 mu X 1000. 


Enzymatic rate | 
Chemical | | Centsel | Percent 
Cyanide | uate + cate | | ents | inhibition 
1x 10? 114 | 139 25 | 521 95 
1x 10O"* 15 175 160 492 | 67 
1x1 


490 36 


most completely inhibited. The significance of this non-inhibition of the 
yeast system will be clarified in the following paper (2). 

The cyanide inhibition is the same whether the enzyme is preincubated 
with cyanide and DPN or under conditions of no preincubation. The 
inhibition of the horse liver enzyme by cyanide is non-competitive. This 
is indicated in Table LX, where it can be seen that increasing the alcohol 
concentration at higher than saturation levels produces no relief from the 
cyanide inhibition, as is the case with hydroxylamine. The only concen- 
tration of ethanol used in Table LX in which the inhibition by cyanide is 
significantly different from other concentrations of alcohol is at 1.6 X 10~ 
mM. This is a concentration of substrates which is considerably lower than 
the saturation level of 3 X 10-°m. A possible explanation of this difference 
will be presented in the discussion. 

The inhibition by cyanide suggests the possibility that a DPN-cyanide 
complex is formed on the liver enzyme. If such a complex is the actual 
inhibitory component, one might then expect that an increased DPN- 
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cyanide concentration would magnify the inhibition by cyanide. This 
possibility was subjected to experimental test, since increasing the DPN 
level would lead to a rise in the concentration of the free complex. How- 
ever, increasing the concentration of DPN does not increase the inhibitory 
action of cyanide (see Table X). The inhibition is independent of DPN 


Tasie IX 
Effect of Ethanol Concentration on Cyanide Inhibition of Horse Liver 
Alcohol Dehydrogenase 
Reaction mixtures as in Table VIII except for varying ethanol concentrations. 
Cyanide concentration 1.6 K 10~* m in all cases. 


Ethanol | Per cent inhibition 


| 
1.6 10-4 72 
1.6 107° | 50 
1.6 X 10°? | 46 
5 <x 107% | 47 
2.5 x 10°? | 44 
Taste X 


Effect of DPN Concentration on Cyanide Inhibition of Horse Liver 
Alcohol Dehydrogenase 


The reaction mixtures contained 25 y of enzyme, 0.1 m Tris (pH 10.1), KCN 1.6 x 
10-4 mM, and varying DPN concentrations. Total volume 3 ml. Reaction started 
with 0.1 ml. of 0.1 Mm ethanol. The values represent the initial rate, expressed as 
the optical density (X 1000) at 340 mug from 15 seconds to 1 minute after addition of 
ethanol. 


DPN | Rate without cyanide | Rate + cyanide ol 
M 
8 x 10-8 93 | 43 | BY 
4X 10+ | 148 | 65 | 56 
8 x 10-4 | 130 | 60 | 54 
1.6 xX 10°3 175 | 78 55 


concentration, and thus it appears that the cyanide inhibition is not de- 
pendent on the free DPN-cyanide complex. It is likely that the eyanide 
adds to the DPN already bound to the enzyme and that the DPN-cyanide 
complex does not add to the protein. 


DISCUSSION 


The effect of preincubation of hydroxylamine and DPN with horse liver 
ADH points to the possibility that a DPN-hydroxylamine complex is 
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formed on the enzyme. Demonstration of such a complex and its proper- 
ties will be given in the following paper. The concentration of DPN re- 
quired to produce half inhibition by hydroxylamine on incubation is close 
to the Ky for DPN and would indicate that the DPN is bound to the pro- 
tein before reacting with the hydroxylamine. 

From the data in Table IV, it appears that only the oxidized form of 
DPN can react with hydroxylamine. In the case of acetaldehyde reduc- 
tion, the hydroxylamine inhibition can also be attributed to the oxidized 
DPN. Reduced DPN bound to the enzyme is oxidized by acetaldehyde, 
and the DPN generated apparently combines immediately with hydroxyl- 
amine. A direct demonstration of these changes will be described in the 
following publication (2). 

A comparison of the inhibitory effects of hydroxylamine on alcohol oxi- 
dation and on the reduction of acetaldehyde is of some interest. The ace- 
taldehyde reduction by DPN does not appear to be competitively inhibited 
by hydroxylamine, in contrast to the competitive properties of the com- 
pound on ethanol oxidation. The concentration of hydroxylamine re- 
quired to produce maximal inhibition is much greater in the alcohol reac- 
tion than in the reverse direction. Preincubation of the enzyme with 
hydroxylamine and DPN greatly increases the inhibition on the alcohol 
oxidation, but does not change the degree of inhibition of the reduction of 
acetaldehyde. 

Consideration of the above differences indicates the possibility that ace- 
taldehyde and ethanol may be combining at different sites on the enzyme. 
Since hydroxylamine does react competitively with ethanol, a higher con- 
centration of hydroxylamine might be required to produce maximal inhibi- 
tion on the alcohol reaction than in the reverse direction. It is also possible 
that alcohol has a greater capacity to dissociate the DPN-hydroxylamine 
complex on the horse liver ADH than does acetaldehyde. In any event, 
it is clear from the data that acetaldehyde does not overcome the inhibition, 
whereas ethanol does to a slight extent when the hydroxylamine is linked 
to DPN on the enzyme. 

Although a DPN-cyanide compound is formed on the horse liver ADH 
(2), the mechanism of formation of the complex appears to differ from that 
of the DPN-hydroxylamine complex. The fact that cyanide inhibition is 
non-competitive with ethanol would be in harmony with the observation 
that preincubation of DPN, cyanide, and the liver ADH does not increase 
the inhibition, as is the case with hydroxylamine. It is of interest to note 
that at subsaturation levels of ethanol the inhibition by cyanide is greater 
than that at saturation levels of the aleohol. This indicates that cyanide 
does not react with the protein, but to the DPN bound to the protein, and 
that protein-bound ethanol competes with cyanide for the bound DPN. 
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Hence, when alcohol is reacting at a maximal rate with the protein, no 
competition should be observed by further increasing the alcohol concen- 
tration, since apparently the alcohol is acting at a maximal rate also with 
the DPN. Free cyanide would then compete with protein-bound alcohol 
for the bound coenzyme. <A scheme of the cyanide inhibition might be 
pictured from the following, in which E represents the liver ADH. Equa. 
tion 1 involves the binding of DPN to the enzyme. 


+ DPN E-DPN (1) 


This step could then be followed by a reaction with ethanol to form a DPN- 
ethanol complex in which ethanol first adds at a different site. 


E-DPN + > oy 


(2) 


An interaction between the protein-bound ethanol and the pyridine nu- 
cleotide would then lead to the formation of reduced DPN. However, 
cyanide would react with the bound DPN as in Equation 3 and prevent 
the interaction of the alcohol and the coenzyme. 


k-DPN + CN ~— E-DPN-CN (3) 


Hydroxylamine, on the other hand, must react with the enzyme in the 
same manner as does alcohol and then interacts with the bound DPN to 
form a complex. This is quite likely, since hydroxylamine can act com- 
petitively with ethanol. 

The difference between hydroxylamine and cyanide inhibition is further 
illustrated by the fact that hydroxylamine does inhibit the yeast ADH re- 
action (1), whereas cyanide does not. Such results might be expected, 
since the yeast enzyme does not appear to form a firm compound with 
DPN. Hydroxylamine inhibition of the yeast system is competitive with 
ethanol, and this would indicate that hydroxylamine is reacting at the 
same site on the enzyme as does alcohol. Cyanide inhibition requires a 
firm binding of DPN to the protein, and, since this binding does not occur 
with the yeast enzyme, one would not expect significant inhibition by cya- 
nide. These differences in activity of hydroxylamine and cyanide on yeast 
ADH strengthen our view that hydroxylamine associates with the liver ADH 
before reacting with the bound DPN, whereas cyanide reacts directly with 
the bound DPN. 


SUMMARY 


Preincubation of hydroxylamine and DPN with horse liver ADH leads 
to the formation of an inactive complex which inhibits the reduction of 
DPN by ethanol. Preincubation of all three components is essential for 
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formation of this complex. The concentrations of hydroxylamine and 
DPN to give 50 per cent inhibition are 2.5 KX 10-> mM and 1 X 10-° M, re- 
spectively. The inhibitory complex can be removed after long dialysis. 
Reduced DPN and oxidized TPN cannot replace oxidized DPN in pro- 
moting this inhibition. 

Pyruvoxime acts similarly to hydroxylamine in inhibiting the liver ADH. 
2-Butanone oxime and salicylaldoxime do not inhibit the reaction. Nitro- 
hydroxylamine, methoxyamine, and nitrophenylhydroxylamine have very 
little inhibitory action on the liver enzyme. 

Hydroxylamine also inhibits oxidation of reduced DPN by acetaldehyde. 
The concentration of hydroxylamine required to produce maximal inhibi- 
tion is somewhat lower than that required in the oxidation of ethanol. 
The concentration of hydroxylamine necessary to produce inhibition of 
DPNH oxidation by yeast ADH is much greater than that required with 
the liver enzyme. 

Cyanide inhibits liver ADH, but not yeast ADH. In contrast to hy- 
droxylamine inhibition, cyanide acts non-competitively with ethanol on 
the liver enzyme. Evidence is presented which suggests that cyanide acts 
by reacting with DPN bound to the liver protein. 

The mechanisms of hydroxylamine and cyanide inhibition are compared 
and discussed with respect to the mechanism of action of horse liver ADH. 
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DIRECT EVIDENCE FOR A DIPHOSPHOPYRIDINE 
NUCLEOTIDE-HYDROXYLAMINE COMPLEX 
WITH HORSE LIVER ALCOHOL 
DEHY DROGENASE* 


By NATHAN O. KAPLAN anp MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, March 17, 1954) 


In two previous papers (1, 2) evidence was obtained which suggested 
that a DPN-hydroxylamine! complex was formed with crystalline horse 
liver alcohol dehydrogenase. The present paper presents direct spectro- 
photometric evidence for the formation of this postulated complex, which 
will be referred toas DPN-NHOH-ADH. Evidence fora complex of DPN 
and cyanide with the liver alcohol dehydrogenase will also be presented. 
The significance of DPN-NHOH-ADH with respect to the mechanism of 
action of alcohol dehydrogenase action and with respect to pyridine nu- 
cleotide binding will be described. 


Materials and Methods 


The horse liver alcohol dehydrogenase and the pyridine nucleotides are 
the same materials described in the preceding paper (2). The snake venom 
pyrophosphatase was prepared by the method of Astrachan et al.2 The 
lactic acid dehydrogenase was a preparation from skeletal muscle prepared 
as outlined by Kornberg and Pricer (3). Triosephosphate dehydrogenase 
was crystallized by the method of Cori et al. (4) and was a reduced enzyme 
(5). DPNase from Neurospora crassa was purified as outlined previously 
(6, 7). 


Results 


Formation of DPN-NHOH-ADH—With relatively large amounts of 
enzyme (0.5 to 1.0 mg. of protein), the addition of hydroxylamine and DPN 
promoted the formation of a complex which had a characteristic maximum 


* Contribution No. 79 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society as recommended by the Committee on Growth of the 
National Research Council, the Williams-Waterman Fund, and the Rockefeller 
Foundation. 

' The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPNH, reduced DPN; ADH, alcohol dehydrogenase. 

? Astrachan, L., Wang, T. P., and Kaplan, N. O., unpublished. The venom was 
from Crotalus adamanteus. 
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at 300 mu (see Fig. 1).2. The increase in optical density was dependent on 
all three components. No changes occurred with hydroxylamine and DPN 
under identical conditions without the liver enzyme. Omission of either 
hydroxylamine or DPN does not lead to complex formation. 

The amount of change at 300 muy is proportional to the concentration of 
enzyme when an excess of DPN is present (Table I). When the enzyme 


6 EXTINCTION COEFFICIENT 


250 270 290 310 330 350 370 390 


WAVE LENGTH 


Fic. 1. Spectrum of DPN-NHOH-ADH. Differences obtained by addition of 
0.001 M neutralized hydroxylamine to horse liver ADH and DPN in 0.1 mM phosphate 
buffer (pH 7.5). Extinction coefficient calculations obtained from the level of DPN 
added (see also Fig. 2). Extinction values are in sq. em. per mole X 10°. 


was titrated with DPN, it was found that approximately 2 moles of the 
coenzyme reacted with hydroxylamine per mole of enzyme. This could 
be determined, as shown in Fig. 2, by addition of increasing levels of DPN 
until no further rise in optical density at 300 mu was obtained. Maximal 
change resulted with a level of about 2.4 moles of coenzyme per mole of 
enzyme. DPN in excess of this level produced no further increase in ab- 
sorption. It is, therefore, evident that hydroxylamine reacts only with 

* Whether the slight peak at 360 my is real or not is not certain. The significance 


of such a peak is also not clear. It is possible that the aleohol present in the enzyme 
preparation may be a factor in this second peak. 
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the DPN bound to the enzyme. The amount of DPN-hydroxylamine 
complex which is bound to the enzyme is close to the value of 2 moles of 
DPNH bound per mole of liver dehydrogenase reported by Theorell and 


TaBLe I 
Effect of Concentration of Liver ADH on Absorption at 300 mp 
The reaction mixture contained 0.20 umole of DPN, 0.1 mM phosphate (pH 7.5), and 
0.001 Mm hydroxylamine. Total volume, | ml. Readings taken immediately after 
addition of hydroxylamine. 


7 I in Eo at 300 fter 
ADH added "addition of 
0 | 0 
0.007 0.085 
0.014 | 0.156 


0.028 0.311 


* Values of ADH obtained from a molecular weight of 73,000, given by Theorell 
and Bonnichsen (8) for the horse liver enzyme. 


0.20 
0.15 


o10 
uJ 


0.05 


05 10 15 20 25 30 


MOLES DPN ADDED 
PER MOLE ENZYME 
Fic. 2. Relationship of DPN concentration to formation of DPN-NHOH-ADH 
as measured by increase in extinction at 300 my. Molecular weight of ADH taken 
as 73,000, according to Theorell and Bonnichsen (8). Reactions carried out under 
conditions as in Fig. 1 and in 1 ml. cells. 


Bonnichsen (8). The molar extinction coefficient of DPN -NHOH-ADH 
is approximately 6.0 10° sq. em. per mole at 300 my (see Fig. 1). This 
value is close to that for reduced DPN and the cyanide (9), bisulfite (9), 
and dihydroxyacetone (10) complexes of DPN. It is of interest to note 
that the absorption at 340 muy is almost negligible with the hydroxylamine 
derivative, whereas the extinction coefficient of reduced DPN and the DPN 
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dihydroxyacetone product is maximum at 340 mu. DPN-cyanide and bi- 
sulfite complexes have their maxima at 325 mp. The complex results also 
in a decreased extinction at 260 mu when compared to oxidized DPN (see 
Fig. 1). Similar decreases are also observed with reduction of DPN or in 
the formation of the cyanide and dihydroxyacetone addition compounds. 
The formation of DPN -NHOH-ADH is the same over the range pH 6.8 
to 9.5. 

The effect of hydroxylamine concentration on the absorption at 300 mu 
is summarized in Table II. At a hydroxylamine concentration of 10~-* m 
some complex formation can be detected, and at 10-° M approximately 70 
per cent of the maximal absorption at 300 my is obtained. The maximum 
in optical density was reached with a hydroxylamine concentration of 


TaBLe II 
Effect of Hydrozylamine Concentration on Formation of DPN-NHOH-ADH 
Measured by Change in Extinction at 300 mp 
0.012 umole of enzyme, 0.1 wmole of DPN, phosphate buffer 0.1 Mm (pH 7.5). Total 
volume, 1 ml. Readings taken immediately after addition of hydroxylamine. 


Hydroxylamine | Increase in Eo at 300 mp 
M 

1x 10-8 | 0.027 

1 x 10° | 0) .O87 

1 x 10-4 0.100 

1 xX | 0.118 

10°32 | 0.120 

2x 10° 0.119 


1x 10%. This level of hydroxylamine might be excessive, since the 
enzyme preparations contain some alcohol, which could compete with the 
hydroxylamine for the DPN. The alcohol contamination cannot be re- 
moved even after long dialysis or recrystallization with ammonium sulfate. 

Effect of Reduced DPN and Hydroxylamine on Horse Liver Alcohol De- 
hydrogenase—When hydroxylamine is added to the horse liver enzyme with 
reduced DPN, very little change in optical density at 300 my is observed 
(see Curve I, Fig. 3). Theorell and Bonnichsen (8) have reported that 
the maximal absorption of the reduced DPN is shifted from 340 my to 
close to 330 my in the presence of the liver enzyme. We have confirmed 
this finding (see Fig. 3). Acetaldehyde addition causes an immediate 
shift of the peak from 330 to 300 mu when hydroxylamine is present, which 
suggests the rapid formation of DPN-NHOH-ADH and further illustrates 
that the hydroxylamine reacts only with the oxidized form of the coenzyme. 
The slightly higher peak at 300 my than at 330 my is probably due to some 
oxidized DPN in the reduced DPN preparation. 
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The DPN-hydroxylamine compound has a greater affinity for the liver 
dehydrogenase than does reduced DPN (Table III). The shift in peak 


DPNH + 
ACETALDEHYDE 


OPTICAL DENSITY 


290 310 330 350 370 

WAVE LENGTH 
Fic. 3. Effect of hydroxylamine on absorption of liver ADH-bound reduced DPN. 
0.035 unmole of DPNH (Curve I) was added to 0.018 uwmole of horse liver alcohol de- 


hydrogenase and 0.001 m hydroxylamine at pH 7.5. Total volume, 1 ml. Curve II 
represents the change in spectrum upon addition of 5 umoles of acetaldehyde. 


TaB_e III 
Effect of DPN-NHOH-ADH on Binding of DPNH 
The values are in sq. em. per mole X 10°. 


| Liver ADH + DPNH in 


Wave-length Free DPNH Liver ADH + DPNH resence of DPN- 
| | hydroxylamine complex* 


310 3.6 | 5.3 | 3.9 
320 4.8 | 5.8 4.4 
330 5.8 6.0 | 5.5 
340 6.3 5.5 | 6.1 
350 5.7 4.1 | 5.1 
360 4.5 2.8 | 4.1 
370 | 2.7 1.6 | 2.6 


* All values corrected for DPN-NHOH-ADH; see the text. 


from 340 to 330 mu of the reduced DPN is abolished by the addition of 
hydroxylamine and oxidized DPN. As a result the peak returns to a 
maximum at 340 my, indicating that the reduced nucleotide is no longer 
bound to protein, but is now in the free form. The data in Table III are 
corrected for the absorption of the DPN-hydroxylamine complex. As men- 
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tioned above, the absorption of this complex at 340 my is almost negligi- 
ble and does not interfere with the changes involving the reduced DPN, 
It is clear from the data that the DPN-hydroxylamine compound can dis- 
place the DPNH from the enzyme. 

Effect of Denaturation on DPN-NHOH-ADH—If the DPN-hydroxyl- 
amine enzyme complex is heated at 100° for 2 minutes, the absorption at 
300 mu completely disappears, which indicates destruction of the complex. 
After removal of the denatured protein, the DPN can all be recovered in 
the oxidized form as measured by crystalline yeast alcohol dehydrogenase. 

Treatment with acid is known to destroy reduced DPN (10). Further- 
more, acid destroys the cyanide and dihydroxyacetone addition compounds 
of DPN (9, 10). The acid destruction of reduced DPN or the addition 
compounds does not result in the formation of oxidized DPN. The re- 
covery of oxidized DPN may also be due to the fact that the DPN-NHOH 
rapidly dissociates in acid without involvement of the destruction reac- 
tion which is observed with DPNH (11). 

Since the hydroxylamine complex formed with the liver aleohol dehydro- 
genase has some characteristics of DPNH and the addition compounds, as 
indicated by the spectral changes, it was of interest to determine the effect 
of acid on the complex. ‘The absorption at 300 my is immediately lost upon 
addition of acid (pH 2). After removal of the denatured protein, the DPN 
originally present as DPN-NHOH-ADH could be completely accounted 
for as oxidized DPN. This finding was somewhat unexpected, since it 
was thought that the hydroxylamine complex would act like reduced DPN 
in acid. It is possible that denaturation of the enzyme proceeds faster 
than the acid destruction reaction observed with DPNH and related com- 
pounds (10). Since the DPN-hydroxylamine complex is dependent on 
the presence of enzyme, denaturation may lead to dissociation of the com- 
plex, with generation of the oxidized nucleotide which is stable to the 
action of acid. 

The above experiments with heat and acid certainly demonstrate that 
denaturation of the enzyme destroys the DPN-hydroxylamine complex 
and results in the reappearance of DPN in the oxidized form. 

Effect of p-Chloromercuribenzoate on DPN-NHOH -ADH—Theorell and 
Bonnichsen (8) report that p-chloromercuribenzoate abolishes the shift in 
spectrum of reduced DPN in the presence of the liver aleohol dehydro- 
genase. Addition of this compound in a concentration of 1 & 10-5 M 
causes an immediate loss in optical density at 300 my, which indicates dis- 
sociation of the DPN-hydroxylamine complex. Oxidized DPN can be re- 
covered after treatment with p-chloromercuribenzoate. The results in- 
dicate that the binding of DPNH and the DPN-hydroxylamine complex 
to the liver enzyme is quite similar and appears to be dependent on the SH 
groups of the protein. 
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Effect of Cleavage Enzymes on DPN-NHOH -ADH—The DPNase from 
N. crassa attacks the oxidized form of DPN and not the reduced nucleotide 
(6). Because the DPN-hydroxylamine compound of the horse liver de- 
hydrogenase exhibits properties similar to those of DPNH, we tested the 
effect of Neurospora enzyme on the complex. Results of such an experi- 
ment are summarized in Table IV, in which the DPNase reaction was fol- 
lowed by measuring the DPN remaining. DPN without hydroxylamine, 
but with horse liver aleohol dehydrogenase, was incubated with the DPN- 
ase as a control. The data show that with the complete system (contain- 
ing hydroxylamine) only about 14 per cent of the DPN was split, whereas 
the mixture without hydroxylamine resulted in almost complete cleavage. 
Free DPN is split by the Neurospora enzyme at the same rate in the pres- 


TABLE IV 


Effect of Neurospora DPNase on Cleavage of DPN-NHOH-ADH* 
The reaction mixture contained 0.1 mM phosphate buffer, 0.062 wmoles, and 1 y of 
purified DPNase in all cases. Liver alcohol dehydrogenase and hydroxylamine 
added as indicated. Total volume, | ml. 


Liver ADH Hydroxylamine DPN split | Per cent split 
0 0 0.057 92 
0 1 0.062 100 
0.028 0 0.054 90 
0.028 1 0.009 14 


* Complex formation identified by absorption at 300 mg. 


ence or absence of hydroxylamine; this is also shown in Table IV. The 
much slower cleavage by the DPNase of DPN-NHOH-ADH certainly 
further indicates that the contplex is structurally related to reduced DPN. 

Since there appeared to be some splitting of the DPN-hydroxylamine 
complex, as indicated by the decrease in the amount of DPN, it was thought 
that the action of the Neurospora DPNase on the complex could be fol- 
lowed by the decrease in extinction at 300 mu. That addition of the DPN- 
ase causes a decrease in optical density at 300 may is illustrated in Fig. 4. 
However, the rate of change at this wave-length was relatively slow, indi- 
cating a slow splitting of the complex. 

Fig. 4 also shows the effect of snake venom pyrophosphate on the com- 
plex as measured by the loss in absorption at 300 mu. From the curves, 
it is seen that the pyrophosphatase is much more effective than the Neuro- 
spora enzyme in promoting the disappearance of the complex. This is in 
contrast to the fact that the Neurospora DPNase will split free oxidized 
DPN at about 50 times the rate that the snake venom enzyme does. The 
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pyrophosphatase hydrolyzes both reduced and oxidized DPN at the pyro- 
phosphate linkage, yielding adenylic acid and the oxidized or reduced 
forms of nicotinamide mononucleotide. Because the DPN-NHOH-ADH 
has properties resembling those of DPNH, the slower rate of cleavage with 
the Neurospora enzyme might be expected, since the enzyme acts only on 
the oxidized form of the coenzyme. 

In the case of the snake venom enzyme, the loss in absorption at 300 
my can be attributed to a splitting at the pyrophosphate grouping, followed 
by a dissociation of the fragments. The cleavage apparently disrupts the 
attachment of the pyridine nucleotide to the protein, and as a result the 


0.5 
NO CLEAVAGE ENZYME 


SNAKE VENOM ENZYME 
0 4 8 12 16 20 24 
TIME IN MINUTES 


Fia. 4. Effect of cleavage enzymes on DPN-NHOH-ADH. 0.04 wmole of horse 
liver ADH, 0.09 umole of DPN, 0.001 m hydroxylamine, in 0.1 M phosphate (pH 7.5). 
Total volume, 1 ml.; temperature 25°. After formation of the complex as indicated 
by extinction at 300 my, 500 units of purified Neurospora DPNase or 500 y of snake 
venom pyrophosphatase were added. One control cell contained no cleavage en- 
zyme. 


linkage of the nicotinamide moiety with the hydroxylamine is also broken. 
Oxidized nicotinamide mononucleotide can be identified as the end-product 
of this reaction. It thus appears possible that at least one point of binding 
of the coenzyme to the liver dehydrogenase is through the pyrophosphate 
linkage. Evidence for this possibility is further indicated by the action of 
the snake venom enzyme on reduced DPN when attached to the liver 
alcohol dehydrogenase. As discussed previously, the DPNH-enzyme com- 
plex has an absorption maximum at approximately 330 mu. On addition 
of the venom enzyme, the peak shifts from 330 my to the usual 340 mu 
maximum of free reduced DPN. Free reduced DPN, however, is not 
formed, and the absorption at 340 my is due to reduced nicotinamide mono- 
nucleotide, which has the same extinction coefficient as that of the intact 
reduced coenzyme. ‘These results then suggest that, after cleavage at the 
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pyrophosphate bridge, the reduced mononucleotide dissociates from the 
enzyme. 

Action of Neurospora DPNase on Reduced DPN Bound to Horse Liver 
Alcohol Dehydrogenase—The difference in the rate of destruction of DPN -- 
NHOH-ADH by the snake venom and Neurospora enzymes, as illustrated 
in Fig. 4, indicates that the enzymes may act on the bound coenzyme. This 
is at least certain for the pyrophosphatase, since the Neurospora DPNase 
attacks free oxidized DPN at a much faster rate, and, if the splitting were 
only on free DPN, the rate would have been much greater with the Neuro- 
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Fic. 5. Action of Neurospora DPNase on reduced DPN bound to horse liver ADH. 

0.2 umole of DPNH, with and without liver ADH as indicated, in 0.1 m phosphate 


(pH 7.5) was added to each cell in a total volume of 3 ml. 500 units of Neurospora 
DPNase were then introduced into each cell. Temperature 25°. 


spora catalyst. In the absence of an accurate dissociation constant for 
the DPN-hydroxylamine complex, it is not certain whether the action of 
the Neurospora enzyme is on the free pyridine nucleotide or on the complex 
itself, linked to the liver dehydrogenase. If the attack is directly on the 
complex, it was thought that the Neurospora enzyme might also induce the 
destruction of reduced DPN when bound to the liver protein. 

Fig. 5 demonstrates that the liver aleohol dehydrogenase greatly stimu- 
lates the destruction of reduced DPN catalyzed by the Neurospora DPN- 
ase. The destruction was measured by following the decrease in optical 
density at 340 mp. The stimulation is observed when all the DPNH is 
bound to the liver protein (approximately 2 moles of reduced nucleotide 
per mole of protein) or when the DPNH is present in excess. In the ex- 
periment illustrated in Fig. 5, the reduced DPN is in considerable excess. 
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No destruction occurs in the absence of the Neurospora enzyme. Fig. 5 
also shows that the rate of splitting of the DPNH is dependent on the level 
of liver dehydrogenase. Boiling of either the liver or Neurospora enzyme 
abolishes the effects observed in Fig. 5. p-Chloromercuribenzoate also 
prevents the inactivation of reduced DPN. 

Preliminary experiments indicate that muscle lactic acid dehydrogenase 
will also accelerate the rate of decomposition of reduced DPN, whereas 
muscle triosephosphate dehydrogenase and yeast alcohol dehydrogenase 
do not. In this connection, it is of interest to note that spectral changes in 
the extinction maximum of reduced DPN are observed with the lactic acid 
dehydrogenase (12) system and not with triosephosphate dehydrogenase 
or yeast alcohol dehydrogenase. It appears from these considerations and 
from the effect of the p-chloromercuribenzoate that the attachment of the 
reduced coenzyme to the horse liver dehydrogenase makes the compound 
subject to the action of the Neurospora DPNase. When an excess of the 
DPNH is present, as in Fig. 5, it is likely that the DPNase first attacks 
the bound nucleotide and then, after dissociation of the cleavage products, 
another molecule of DPNH adds to the liver protein, and is subsequently 
split. The catalytic effect of the liver enzyme on DPNH destruction by 
the DPNase is apparently linked to the properties related to the shift in 
spectrum when DPNH is attached to the liver protein. 

DPN-Cyanide Complex of Horse Liver Alcohol Dehydrogenase—In the 
previous paper (2), evidence was reported which suggested that a DPN- 
cyanide complex was formed with the liver enzyme. Fig. 6 presents the 
absorption spectrum of the DPN-cyanide complex in the presence and ab- 
sence of liver alcohol dehydrogenase. The absorption maximum of the 
cyanide addition compared with free DPN is at 325 mu, as previously re- 
ported (9), whereas in the presence of the enzyme the peak is shifted to 
310 my. This shift in spectrum resembles the shift induced by the enzyme 
on reduced DPN and indicates that this shift may be a general property 
of compounds having a structure similar to that of reduced DPN (see 
“‘Discussion’’). 

Table V shows that there is a considerable reaction between cyanide and 
DPN in the presence of the enzyme under conditions in which there is little 
reaction between cyanide and free DPN. The concentration of cyanide 
used in the experiment in Table V was 1 &K 10-° m and the pH was 9.5, 
which is most unfavorable for association of the complex. The liver 
enzyme, because of its properties of binding pyridine nucleotides, promotes 
the formation of the complex, since the bound DPN-cyanide is not in equi- 
librium with the free cyanide or DPN. This phenomenon explains why 
cyanide will inhibit aleohol oxidation as promoted by the liver dehydro- 
genase at cyanide concentrations with which no complex can be detected 
(2). In these experiments, it must be emphasized that only a relatively 
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small amount of enzyme was used. The amount of DPN-cyanide complex 
in Table V bound to the liver dehydrogenase represents about 60 per cent 
of the possible maximal complex, assuming that 2 moles of cyanide com- 
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Fic. 6. Effect of horse liver ADH on the spectrum of the DPN-cyanide complex. 
Curve I (free complex), 0.04 umole of DPN in 0.1 mM KCN and 0.1 M phosphate (pH 
7.5). Final pH 9.8; total volume, 1 ml. Curve II (bound complex), same as Curve I 


plus 0.02 wmole of horse liver enzyme. 


TaBLe V 


Effect of Horse Liver ADH on Formation of DPN-Cyanide Complex 


0.025 umole of DPN, 0.001 KCN, and 0.1 tris( hydroxymethyl) aminomethane 
(pH 9.5). Total volume | ml. with and without 0.012 umole of liver dehydrogen- 
ase. The values represent optical density increase upon addition of cyanide. 


Wave-length Free DPN 

300 | 0.006 
310 | 0.010 
320 0.010 
$30 0.009 
0.007 
0.007 


plex are bound per mole of enzyme, as is the case with reduced DPN and 


the hydroxylamine complex. 


DISCUSSION 


From the spectrophotometric data, it is evident that hydroxylamine 
reacts with DPN when the pyridine nucleotide is bound to the liver alcohol 


DPN + liver ADH 


0.065 
0.078 
0.068 
0.043 
0.026 
0.005 
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dehydrogenase. ‘The properties of the complex indicate that it is strue- 
turally related to reduced DPN and the addition compounds of DPN such 
as cyanide, bisulfite, and dihydroxyacetone. The rapid destruction of 
DPN-NHOH-ADH by treatment with heat, acid, or with p-chloromercuri- 
benzoate, as shown by the loss in extinction at 300 my, indicates the essen- 
tiality of the enzyme for the formation of the complex. It is very probable 
that denaturing agents cause a dissociation of the pyridine nucleotide from 
the enzyme and as a result loss of the hydroxylamine interaction with DPN. 

Our results with the snake venom pyrophosphatase suggest that the 
DPN adds to the liver dehydrogenase through its pyrophosphate grouping. 
Hydroxylamine or ethanol may add to the protein at a second point. We 
believe that the bound hydroxylamine and DPN interact to form a com- 
pound which is characterized by the 300 my absorption maximum. In 
the case of ethanol, we feel that there is a possibility that an intermediate 
between the alcohol and DPN is formed, and that this intermediate may 
undergo splitting to generate reduced DPN and acetaldehyde. The forma- 
tion of a complex of this type might be expected in view of the findings 
that a direct hydrogen transfer is involved in both yeast (13) and liver al- 
cohol dehydrogenase reactions. A detailed discussion of the possible struc- 
ture of the DPN-hydroxylamine addition reaction will be presented in the 
following paper (11). 

The reactivity of pyridine nucleotides, as indicated by the chemical 
addition reactions of DPN, further suggests the possibility that the alcohol 
dehydrogenase reaction involves a DPN-ethanol intermediate. It has re- 
cently been shown by Yarmolinsky and Colowick (14) that the reduction of 
pyridine nucleotides by hydrosulfite involves an intermediate addition 
compound. Since this compound is an intermediate in an oxidation-reduc- 
tion reaction, it is possible that the intermediate in the dehydrogenase re- 
action may be a substrate-coenzyme complex. We are now investigating 
this possibility. 

Previous attempts to demonstrate a reaction between DPN and hy- 
droxylamine in the absence of the liver dehydrogenase have been unsuc- 
cessful (1, 9). Recently, however, a reaction between DPN and _ hy- 
droxylamine has been observed by means of a very high hydroxylamine 
concentration and a quite alkaline medium (11). This chemical addition 
reaction is characterized by an absorption spectrum in which a new peak is 
formed at 315my. The enzymatic DPN-hydroxylamine complex is formed 
at pH 7.5 and with concentrations lower than 1 K 10-°m. At pH 7.5 no 
chemical reaction between hydroxylamine and DPN occurs, even at ex- 
ceptionally high concentrations of hydroxylamine. The properties of the 
chemical reaction will be discussed in detail in the following paper. 

The absorption peak of DPN-NHOH-ADH is at 300 mg, in contrast 


* Vennesland, B., personal communication. 
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to the free hydroxylamine complex of DPN, which has a maximum of 315 
mu. ‘This shift in peak from 315 to 300 mu might be expected because of 
the shift toward the ultraviolet which occurs with the DPN-cyanide com- 
pound and the reduced DPN in the presence of the liver dehydrogenase. 
The cyanide complex shifts from a 325 to a 310 my peak, whereas with 
DPNH the shift is from 340 to 328 muy in the presence of the liver dehy- 
drogenase. 

The fact that shifts occur with both the DPN-hydroxylamine and DPN- 
eyanide complexes indicates that the binding of these compounds to the 
liver protein is at the same site as with reduced DPN. The attachment of 
the two complexes and DPNH as indicated by the shifts in spectrum ap- 
pears to be dependent on sulfhydryl groups. However, there is no infor- 
mation definitely establishing that the sulfhydryl group is attached to the 
pyridine nucleotide. 

Theorell and Bonnichsen (8) have suggested that the attachment of 
DPNH« to the liver aleohol dehydrogenase may involve a reaction similar 
to the cyanide or bisulfite addition reactions. This suggestion is based on 
the fact that the free DPN-cyanide complex and the DPNH-ADH com- 
plex have absorption maxima lower than that of free DPNH. Theorell 
and Bonnichsen’s postulation apparently implies an interaction between a 
proton (from the reduced pyridine ring) and a grouping in the protein. We 
feel that our experiments with the Neurospora DPNase on the DPNH.- 
ADH may be of significance in elucidating the nature of the binding. Since 
the bound DPNH is more susceptible to the action of the DPNase than 
is free DPNH, it is quite probable that the binding (which is related to the 
shift in spectrum) is involved in this increased susceptibility. One possible 
explanation for the DPNase action is that the binding of the DPNH to the 
enzyme results in a temporary positive charge on the pyridine ring. Since 
the enzyme acts only on the positively charged pyridine ring (oxidized 
DPN), this might account for the observed DPNH destruction. A _pos- 


H 


--- HSE 


R 


sible hydrogen bond interaction between the reduced pyridine ring and a 
sulfhydryl grouping of the protein (E—SH) is presented in the diagram.® 


* The reduction is written to occur at the para position (see Pullman et al. (15)). 
R represents the adenosinediphosphate ribose part of the molecule. 
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This hydrogen binding might give a transitory positive charge to the ring 
which would be sensitive to the DPNase. Although p-chloromercuri- 
benzoate inhibits the DPNase-catalyzed splitting of DPNH, it is possible 
that the hydrogen binding may be through groups other than an SH group, 
such as aromatic amino acids. The nature of the pyridine product formed 
by the DPNase action on the bond DPNH is now under investigation, as 
well as further studies on the interaction of the DPNH and the addition 
compounds with the liver enzyme. 

It is of interest to note that, in the case of the liver alcohol dehydro- 
genase, the reduced coenzyme is preferably bound. On the other hand, 
muscle triosephosphate dehydrogenase shows a stronger binding of the 
oxidized DPN than of the reduced compound.’ In both instances, the 
preferential binding of both the DPNH to the aleohol enzyme and of the 
oxidized DPN to the muscle dehydrogenase is dependent on sulfhydryl! 
groups. Therefore, it appears that linkage of pyridine coenzymes to dif- 
ferent proteins may vary considerably. 


SUMMARY 


An addition reaction between hydroxylamine and oxidized DPN has 
been observed in the presence of relatively large amounts of crystalline 
horse liver aleohol dehydrogenase. This reaction is characterized spectro- 
photometrically by the appearance of a new absorption peak at 300 mu 
and a decrease in the absorption maximum of 260 mu. Roughly 2 moles 
of complex are formed per mole of enzyme. Increasing the level of DPN 
over 2 moles produces no further complex formation. The extinction co- 
efficient of the DPN-hydroxylamine complex bound to the liver enzyme is 
close to 6 & 10° sq. em. per mole. Complex formation was observed with 
a concentration of hydroxylamine as low as 1 K 10-° mM at pH 7.5. 

The DPN-hydroxylamine complex measured by the loss in absorption 
at 300 my is destroyed by heating, acidification, or addition of p-chloro- 
mercuribenzoate. Oxidized DPN can be recovered after all the above 
treatments. This indicates the essentiality of the protein for the forma- 
tion of the complex. The liver dehydrogenase does not promote a reaction 
between reduced DPN and hydroxylamine. Evidence is presented which 
shows that the complex has a greater affinity for the liver alcohol dehydro- 
genase than has DPNH. 

The structural similarity of the DPN-hydroxylamine complex to reduced 
DPN and the addition compounds of DPN (dihydroxyacetone and cyanide) 
is discussed. Neurospora DPNase, which acts only on the oxidized form 
of DPN and not the reduced coenzyme, attacks the hydroxylamine complex 
at a relatively slow rate. The pyrophosphatase from snake venom destroys 


6 Astrachan, L., Kaplan, N. O., and Colowick, 8. P., in preparation. 
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the complex at a much faster rate than does the Neurospora enzyme. The 
snake venom enzyme by inducing a split at the pyrophosphate bridge 
causes a shift in spectrum of reduced DPN linked to the liver dehydrogenase 
from 330 to 340 my; this indicates that reduced nicotinamide mononucleo- 
tide is not bound to the dehydrogenase and that the pyrophosphate group- 
ing is essential for the attachment of the reduced pyridine link to the liver 
enzyme. 

A shift in spectrum from a maximum of 325 to 310 mu occurs with the 
DPN-cyanide complex in the presence of liver alcohol dehydrogenase. 
Similarly there appears to be a shift with the DPN-hydroxylamine complex 
from a maximum of 315 my in the free form to a 300 my peak when bound 
to the liverenzyme. ‘These shifts resemble that which occurs when DPNH 
is linked to the liver protein. 

The liver aleohol dehydrogenase has been found to stimulate the rate of 
breakdown of DPNH by Neurospora DPNase. This stimulation appears 
to be related to the nature of binding of reduced DPN to the alcohol de- 
hydrogenase. 

The results are discussed with respect to the mechanism of alcohol de- 
hydrogenase action and to the nature of binding of pyridine nucleotides to 
the horse liver protein. 


BIBLIOGRAPHY 


1. Kaplan, N. O., and Ciotti, M. M., J. Biol. Chem., 201, 785 (1953). 
2. Kaplan, N. O., Ciotti, M. M., and Stolzenbach, F. E., J. Biol. Chem., 211, 419 
(1954). 
3. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 193, 481 (1951). 
4. Cori, G. T., Slein, M. W., and Cori, C. F., J. Biol. Chem., 173, 605 (1948). 
5. Racker, E., and Krimsky, I., J. Biol. Chem., 198, 731 (1952). 
6. Kaplan, N. O., Colowick, 8. P., and Nason, A., J. Biol. Chem., 191, 473 (1951). 
7. Kaplan, N. O., Colowick, 8. P., Zatman, L. J., and Ciotti, M. M., J. Biol. Chem., 
206, 31 (1953). 
8. Theorell, H., and Bonnichsen, R., Acta chem. Scand., 5, 1105 (1951). 
9. Colowick, 8. P., Kaplan, N. O., and Ciotti, M. M., J. Biol. Chem., 191, 447 (1951). 
10. Burton, R. M., and Kaplan, N. O., J. Biol. Chem., 206, 283 (1954). 
11. Burton, R. M., and Kaplan, N. O., J. Biol. Chem., 211, 447 (1954). 
12. Chance, B., and Neilands, J. B., J. Biol. Chem., 199, 383 (1952). 
13. Fisher, H. F., Conn, EF. E., Vennesland, B., and Westheimer, F. H., J. Biol. 
Chem., 202, 687 (1953). 
14. Yarmolinsky, M., and Colowick, 8S. P., Federation Proc., 18, 327 (1954). 
15. Pullman, M. b., San Pietro, A., and Colowick, 8. P., J. Biol. Chem., 206, 129 
(1954). 


ng 
ri- 
le 
Ip, 
ed 
as 
on 
id, 
he 
he 
he 
yl 
if- 
as 
ne 

les 
is 
th 
on 
ve 
a- 
on 
ch 
()- 
ed 
e) 
‘m 
eX 
ys 


| 
| 
t 
a 
St 
re 
a 
ti 
al 
al 
D 
re 
ti 
fo 
Re 
mi 
Fu 
for 
DI 
cel 
the 
XUM 


A CHEMICAL REACTION OF HYDROXYLAMINE WITH 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By ROBERT MAIN BURTON? NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, March 17, 1954) 


Kaplan and Ciotti (1) reported that hydroxylamine would inhibit liver 
and yeast aleohol dehydrogenases. Studies of this inhibition were extended 
by Kaplan et al. (2, 3), and reaction mechanisms were postulated for the 
hydroxylamine inhibitions; the essential feature of the hydroxylamine in- 
hibition is the enzymatic formation of a DPN'-hydroxylamine compound 
that is bound to the enzyme (2, 3). 

DPN has been shown to react chemically with a number of reagents: 
alkali (4), cyanide and bisulfite ions (5, 6), dihydroxyacetone (7, 8), and 
sodium dithionite (9). These reactions are all attacks of a nucleophilic 
reagent upon a positively charged center. Since hydroxylamine reacts as 
a nucleophilic reagent in both acidie and basic solutions in oxime forma- 
tion (10-14), it was suggested that a chemical reaction between hydroxyl- 
amine and DPN may occur. Previous attempts to show a chemical re- 
action were unsuccessful (3, 6). However, in view of recent studies on 
DPN addition reactions (8), it was thought that the conditions used pre- 
viously to show a DPN-hydroxylamine reaction were too mild. This 
paper contains a description of the conditions necessary for the chemical 
reaction between hydroxylamine and DPN. A reaction mechanism is 
postulated, and a discussion of the chemical reaction is presented in rela- 
tion to the mechanism of action of aleohol dehydrogenase. Equation 1 
formulates the over-all chemical reaction of DPN with hydroxylamine. 


DPN* + NH,OH DPN-NIIOH + H* (1) 


* Contribution No. 81 of the MeCollum-Pratt Institute. Aided by grants from the 
Rockefeller Foundation, the American Cancer Society as recommended by the Com- 
mittee on Growth of the National Research Council, and the Williams-Waterman 
Fund. 

t Research Fellow of the National Heart Institute, United States Public Health 
Service. 

' The following abbreviations are used: diphosphopyridine nucleotide, oxidized 
form, DPN, reduced form, DPNH; addition compound of DPN and hydroxylamine, 
DPN-NHOH. AE represents the optical density of the solution, as described, in a 
cell with a light path of 1 em.; 7.¢.,. AE = — logio U solution)/(U solvent) where J is 
the intensity of the light emerging from the cuvette. 
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Material and Methods 


Hydroxylamine hydrochloride was purchased from the J. T. Baker Chem- 
ical Company, methoxyamine from the Eastman Kodak Company, and the 
monoethylamine and diethylamine were gifts of Sharples Chemicals, Inc. 
DPN was a = “90” preparation purchased from the Sigma Chemical Com- 
pany, and the solutions of DPN were assayed either by the cyanide method 
(6) or with yeast alcohol dehydrogenase and ethanol. Crystalline yeast 
alcohol dehydrogenase was prepared by the method of Racker (15). All 
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Fic. 1. The effect of hydroxylamine concentration. 0.033 m sodium pyrophos- 
phate and varying amounts of hydroxylamine as indicated were adjusted to pH 
10.5 with either sodium or potassium hydroxide. The final volume was 2.9 ml. A 
small volume of DPN solution was added to make a final concentration of 1.67 X 
10-* Mm and the increase in optical density at 315 my recorded. 


spectrophotometric measurements were made with the model DU Beck- 
man spectrophotometer. All pH measurements were made with the model 
G Beckman pH meter. The solutions containing the amines were always 
adjusted to the indicated pH immediately prior to running the reactions; 
hence the change in concentration of the amine by the decomposition of the 
hydroxylamines or by volatilization of the alkyl amines at the high pH used 
will be minimized for the time interval of the reaction. 


Results 


Effect of Hydroxylamine Concentration—The chemical reaction of DPN 
with hydroxylamine requires a high hydroxylamine concentration. Fig. 1 
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shows the effect upon the equilibrium position? of the reaction formulated 
in Equation 1 and of increasing the concentration of hydroxylamine from 
3x 10*%to13mM. The rate of the reaction even at low concentrations of 
reactants is extremely rapid, and hence the equilibrium point is reached 
before a spectrophotometric reading can be made (5 to 15 seconds). That 
this is an equilibrium position is demonstrated by the effect of changing 
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Fic. 2. The effect of DPN concentration. The details of Fig. 1 are applicable 
here except that the hydroxylamine concentration was maintained at 1.34 mM and 
varying amounts of DPN were added to give the indicated final concentrations. 

Fic. 3. The effeet of pH. 0.033 m sodium pyrophosphate and 0.27 m hydroxyl- 
amine were adjusted to the indicated pH with hydrochloric acid or sodium hydroxide, 
and DPN was added to a final concentration of 1.67 * 10-*m. The change in optical 
density at 315 my was recorded. 


the concentrations of the various reactants and products in so far as was 
possible. This will be discussed below. 


? The extent of the reaction between DPN and hydroxylamine is measured by the 
increase in optical density at 315 my due to the formation of DPN-NHOH. By 
analogy with the other DPN addition compounds, 7.e. DPNH (16, 17), DPN-CN (6), 
and DPN-dihydroxyacetone (8), and by comparison with the enzyme-catalyzed 
formation of a DPN-hydroxylamine complex (3), the extinction coefficient of the 
DPN-NHOH has been assumed to approximate 6 * 10° sq. ecm. per mole, and all 
concentrations of DPN-NHOH have been calculated on this basis. The term equi- 
librium position refers to the amount of DPN-NHOH formed under the conditions 
described. This is expressed as A\Ey5 or as micromoles. 
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Effect of DPN Concentration—A constant increase in the equilibrium 
position of the reaction (Equation 1) was observed, as indicated in Fig. 2, 
by maintaining the initial hydroxylamine concentration at 1.3 mM and the 
pH at 10.0 and varying the DPN concentration from zero to 3.3 & 10-* M. 

Effect of pH—Fig. 3 illustrates the effect of varying the hydrogen ion 
activity upon the reaction (Equation 1). The hydroxylamine concentra- 
tion was 0.27 mM, and the DPN concentration was 1.67 K 10~ om initially. 
The log of the equilibrium position shows a linear relationship to the final 
pH of the reaction solution. The slope of this line is 1 and is indicative 


TaBLe 
Specificity of Reactants 

2.5 m solutions of the various amines indicated were adjusted to pH 10.7 with 
either potassium hydroxide or hydrochloric acid, and DPN was then added to a 
concentration of 8.3 K 10-5 mM. The change in optical density at 315 mye was noted 
and the extent of DPN reacting calculated. 2.6 m hydroxylamine at pH! 10.6 was 
allowed to react with the various pyridine derivatives (added to obtain a concen- 
tration of 8 X 1075). 


Extent of reaction* 


Amines Hydroxylamine S4 
Methoxvamine S2 

Monoet hvlamine 0 

Diethvlamine 0 

Pyridine derivatives DPN 
Nicotinamide riboside | 66 

N'-MethyInicotinamide chloride 17 

| acid 0 

| Nicotinamide 0 


* Calculated as the percentage of possible absorption at 315 my due to the pyri- 
dine derivatives present (see foot-note 2). 


of a direct relationship of hydrogen ions to the reaction as indicated in 
Equation 1. The break in the curve at high pH may be due to the rela- 
tively complete reaction of DPN. The extent of reaction at pH 12.8, 
calculated with an extinction coefficient of 6 & 10° sq. cm. per mole, indi- 
cates that all of the DPN is in the form DPN-NHOH. 

Specificity of Reactants—Table I lists various amines and pyridine deriva- 
tives tested for ability to react under these conditions. Both hydroxyl- 
amine and methoxyamine (at 2.5 M concentration) reacted to the same ex- 
tent with 8.3 K 10-°'m DPN at pH 10.7. Neither monoethylamine nor 
diethylamine reacted with DPN. DPN and nicotinamide riboside both 
reacted almost equally well with hydroxylamine (2.6 m) at pH 10.6. N'- 
Methylnicotinamide chloride reacted with hydroxylamine at a slow rate. 
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N-Methylnicotinie acid and nicotinamide did not react. This reaction, 
therefore, has the same pyridine ring specificity that the other chemical 
reactions of DPN have (4-8). The amine apparently requires an ‘‘ac- 
tivated” nitrogen, as both hydroxylamine and methoxyamine have an oxy- 
gen attached to the nitrogen. 

Spectrum of DPN-NHOH—DPN (1.0 X 10‘ Mm) and hydroxylamine 
were allowed to react at pH 10.3, and the spectrum of the product was 
determined from 250 to 400 mu, with appropriate corrections for the spec- 


2.00 


0.SOF 
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Fic. 4. Spectrum of DPN-NHOH. 2.6 m hydroxylamine adjusted to pH 10.7 
with potassium hydroxide was allowed to react with 1.0 X 10-4 m DPN in a volume 
of 3.0 ml. The spectrum was recorded with a reference cell containing 2.6 mM hy- 
droxylamine (pH 10.7). 


trum of hydroxylamine. Two maximal peaks were observed, one at 260 
my due to absorption by the adenine moiety and one at 315 my due to the 
hydroxylamine-nicotinamide moiety configuration (see Fig. 4). This is not 
a “true” spectrum, since this is an equilibrium and all of the DPN under 
the conditions of the experiment had not reacted. Hence the 260 my peak 
is too high when compared to the peak at 315 my. It was observed that as 
the 340 mu band increased the 260 my band decreased slightly. This de- 
crease at 260 muy is similar to that observed during DPNH formation (see 
also the preceding paper (3)). 

Equilibrium Constant of DPN-Hydroxylamine Reaction—Table I1 pre- 
sents a list of the equilibrium constants (KX) determined for the reaction 
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(Equation 1) under conditions representing various concentrations of re- 
actants (DPN and hydroxylamine) and of one product (hydrogen ion). 
The average K is 2.7 K 10-". The equilibrium constant represents the 


TABLE II 
Equilibrium Constant of DPN-NHOH Formation 


DPN and hydroxylamine were permitted to react at the indicated hydrogen ion 
concentrations in 0.033 mM sodium pyrophosphate. The initial concentration of 
hydroxylamine was always large and assumed to be unchanged by the formation of 
DPN-NHOH. The DPN-NHOH concentration was estimated from the change in 
optical density at 315 my with an extinction coefficient of 6 & 10° sq. em. per mole 
(see foot-note 2). The initial DPN concentration was known; by subtracting the 
DPN-NHOH final concentration, the final DPN concentration could be determined. 
The pH was measured after the reaction was completed. 


7 | | | (DPN-NHOH)(H* 

per liter | N per | per ‘K DPN 

3.31 0.027 | 0.027 | 10.0 | 3.01 

3.30 0.035 0.067 | 1.57 

3.22 0.118 | 0.133 | 10.0 | 2.57 

3.12 0.223 0). 267 | 2.67 

2.73 0.615 0.667 10.0 | 3.38 

0.61 1.06 1.34 | 10.0 | 1.30 

1.31 2.03 1.34 | ~=—-:10..0 | 1.16 

0.34 0.50 1.34 10.0 | 1.10 

3.13 2.08 0.170 | 14.8 | 5.78 

3.21 1.34 0.170 | 7.60 | 1.86 

1.40 1.94 0.170 | 0.632 5.14 

().52 2.82 0.170 | 0.10 | 3.19 


following relationship where brackets represent the molar concentration, 
parentheses the activity, and f the activity coefficient. 
[DPN-NHOH] (H*) fopx-nnon 


K = 


The ratio of the activity coefficients involved in estimating (DPN-NHOH) 
and (DPN) approximates 1, since the concentrations of these reactants are 
very small and (DPN-NHOH) and (DPN) have been assumed to be equal 
to the respective molar concentrations. However, (NH2OH) probably is 
not equal to the molar concentration of hydroxylamine, since hydroxyl- 
amine is present in high concentrations. The value of fxu,ou is not 
known and has been assumed to be 1 for these calculations; therefore, 
(NH2OH) has been assumed to approximate its molar concentration. That 
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this assumption does not introduce too great an error is indicated by the 
relatively constant A. Since an error may exist, no thermodynamic cal- 
culations have been presented. 

Dissociation of DPN-NHOH by Dilution of Hydroxylamine—2.2 m hy- 
droxylamine was allowed to react with 1.0 X 10-° Mm DPN at a final pH 
10.0, and appropriate aliquots were added to a 2.6 mM hydroxylamine solu- 
tion at pH 10.0 and to a 0.033 sodium pyrophosphate solution at pH 10.0. 
The optical density (315 my) of each solution was determined and corrected 
for absorption by hydroxylamine or sodium pyrophosphate. The final con- 
centration of DPN was 7.5 & 10-°™ in each dilution. The final pH was 
10.0, and the concentration of hydroxylamine represents a 10-fold dilution, 
being 2.6 M in one instance and 0.26 Mo in the other dilution. The DPN- 
NHOH concentration changes from 4.5 XK 10~-° to 0.62 K 10-° M, repre- 
senting a decrease in the DPN-NHOH concentration of 86 per cent. The 
addition of ethanol to a final concentration of 1.0 Mm and yeast alcohol de- 
hydrogenase showed a recovery of 6.4 * 107° mM DPN in the 10-fold diluted 
aliquot. The amount of free DPN present plus the DPN involved in the 
DPN-NHOH compound accounts for 93 per cent of the DPN added ini- 
tially. 

Dissociation of DPN-NHOH in Presence of Yeast Alcohol Dehydrogenase— 
DPN-NHOH was formed from 2.2 mM hydroxylamine and 1.0 107° 
DPN at pH 10.0. Aliquots were added to (1) 2.6 Mm hydroxylamine, (2) 
2.6 mM hydroxylamine plus 1.0 m ethanol, and (3) 2.6 m hydroxylamine plus 
1.0 m ethanol and 40 y of yeast alcohol dehydrogenase. Fig. 5 records the 
spectra with the appropriate solvent and reagent corrections. The spec- 
tra for aliquots (1) and (2) were the same, suggesting that ethanol does not 
displace hydroxylamine from DPN-NHOH. The spectrum of (3) after 
50 minutes shows a displacement of the 315 my peak to 340 mu.* This is 
as expected for the oxidation of ethanol by DPN and alcohol dehydro- 
genase when the equilibrium of the reaction (Equation 1) is displaced to 
the left with a reduction of the DPN-NHOH concentration and loss of 
315 my absorption and a concurrent increase in absorption at 340 mu due 
to DPNH formation. The absorption at 340 mau is not sufficient to ac- 
count for the complete conversion to DPNH. The slight lack of symme- 
try of the 340 my band indicates some remaining DPN-NHOH and sug- 
gests an over-all equilibrium between Equation | and the alcohol dehydro- 
genase reaction (Equation 2). 


Ethanol + DPN* = acetaldehyde + DPNH + H* (2) 


* While hydroxylamine is an inhibitor of aleohol dehydrogenase, this inhibition is 
competitive and high concentrations of ethanol can overcome the hydroxylamine 
effect. Even at these concentrations (2.6 m hydroxylamine, 1.0 m ethanol), con- 
siderable inhibition of the reaction rates is noted. 
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Dissociation of DPN-NHOH by Increased Hydrogen Ion Concentration— 
The addition of hydrogen ions to a solution satisfying the reaction (Equa- 
tion 1) at equilibrium should disturb the equilibrium and shift the reac- 


DPN-NH OH 

040} 
DPNH 
\ 
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300 340 380 


WAVELENGTH (my) 


Fia. 5. The dissociation of DPN-NHOH and the formation of DPNH in the pres- 
ence of alcohol dehydrogenase. 2.2 m hydroxylamine was allowed to react with 
1 X 10-*m DPN at pH 10.0. The spectra of aliquots were recorded without ethanol 
and alcohol dehydrogenase, with 1.0 m ethanol, and with 1.0 m ethanol and 40 y of 
yeast alcohol dehydrogenase. A reference cuvette contained hydroxylamine (2.2 
M, pH 10.0). 


Tasce III 
Dissociation of DPN-NHOH by Increased Hydrogen lon Concentration 
DPN-NHOH was formed as described in the legend to Table II. Aliquots were 
removed and assayed in 2.5 m hydroxylamine (pH 10.5) for DPN-NHOH. The 
DPN-NHOH was adjusted to pH 6.2 with concentrated hydrochloric acid; ali- 
quots were removed and assayed in 2.5m hydroxylamine (pH 6.0) for DPN-NHOH 
and in 0.033 m sodium pyrophosphate-1.0 Mm ethanol (pH 9.3) for DPN with yeast 
alcohol dehydrogenase. 


DPN DPN-NHOH | DPN recovery 
DPN (initially added)..................... 1.84 

1.71 0.09 93 


tion to the left, liberating DPN and hydroxylamine. Table III presents 
data which show that DPN is liberated upon lowering the pH of a solution 
of DPN-NHOH. DPN-NHOH was prepared at pH 10 in a small volume, 
as before, and the optical density of an aliquot in a 2.6 m hydroxylamine 
solution at pH 10.0 was measured. The pH of the DPN-NHOH solution 
was adjusted to pH 6.0 with hydrochloric acid, and the optical density of 
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an aliquot in a 2.6 m hydroxylamine solution at pH 6.0 was determined. 
Aliquots were then assayed for DPN in hydroxylamine-ethanol solution® 
(pH 10) and in sodium pyrophosphate-ethanol solution (pH 10) with veast 
alcohol dehydrogenase. The data presented show that, at pH 10.0, 1.7 
umoles of DPN-NHOH were formed from 1.84 wmoles of DPN. After the 
pH was adjusted to 6.0, only 0.09 umole of DPN-NHOH (a decrease of 92 
per cent) was present and 93 per cent and 86 per cent, respectively, of the 
initial DPN were recovered by the assay procedures described. 


DPN-NH OCH2 
m=-O} 
471.00 
= 
© © 
S 100 
4 6 8 ie) 


pH 


Fic. 6. Acid dissociation of DPN-NHOH and DPN-NHOCH;. DPN-NHOH 
curve, details the same as those in Fig. 4 except that the pH was gradually decreased 
with hydrochloric acid and the optical density at 315 my at each lower pH noted. 
DPN-NHOCH,; curve, obtained in an identical manner except that 0.80 K 10-4 m 
DPN and 2.6 Mm methoxyamine (pH 10.7) were used. The ordinate scale used to plot 
Curve | is at the left of the figure; the ordinate scale used to plot Curve 2, to the 
right. The slopes (m) are for each line. 


DPN-NHOH and DPN-NHOCH; were prepared at pH 10.25 and 10.55, 
respectively, as described previously. The pH of each solution was grad- 
ually decreased by the addition of hydrochloric acid. At each new pH, 
the change in the optical density at 315 my was recorded, and the log of the 
ratio of the DPN to DPN-NHOH or DPN-NHOCH; present was plotted 
against the respective pH. These plots are presented in Fig. 6. The 
derivation of this type plot is obtained from the equilibrium equation for 
Equation 1. 


(DPN — NHOH)(H*) 
(DPN)(NH,OH) 


K = 
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Since the hydroxylamine concentration is large, any change caused by the 
formation of DPN-NHOIL is negligible. ‘Thus a new constant incorporat- 
ing the relatively unchanged hydroxylamine concentration may be written 


(DPN — 
= K(NH,OH) = 


On rearranging terms 
K’ (DPN — NHOID 
(DPN) 


and taking the logarithm of each side of the equation 


(DPN) 


Since pK’ = log 1/K’ and pH = log 1/(H"*), then 


(DPN 
(d) log - 


(DPN — NHOH) ~ ~ P! + PK 


Therefore, in a plot of log (DPN)/(DPN-NHOH) versus pH (equation (d)) 
the intercept where log (DPN)/(DPN-NHOH) = 0O gives pK’ = pH. 
The slope of the line is defined by expression (d) and is the negative value 
of the number of hydrogen ions involved in the reaction (Equation 1). 
In the case of hydroxylamine and DPN the slope should be — 1.0, and ex- 
perimentally this is found to be true. The pK’ determined experimentally 
is 9.6. This corresponds to K = 9.7 K 10-" and is to be compared to 
the value of K = 2.7 & 10-" previously mentioned in the paper. The 
change of the DPN-NHOH curve and the different curve obtained for the 
DPN-NHOCH; dissociation are discussed later. 


DISCUSSION 


Gensler (18) discusses the reaction of hydroxylamine with cotarnine, a 
derivative of the heterocyclic compound isoquinoline. This reaction is of 
considerable interest, since the pyridine nucleus of DPN and TPN reacts 
chemically in a manner similar to that of any of the heterocyclic com- 
pounds, such as pyridinium, quinolinium, isoquinolinium, and acridinium 
salts. Variations in the reactivity of these compounds will, of course, exist, 
owing to ring substituents and the presence or absence of condensed rings 
in the individual compounds. The reactions of hydroxylamine with co- 
tarnine (19-21) and with quinoline (22, 23) have been described previously. 
Gensler’s summary of the possible reaction mechanisms is presented in 
Equations 3 and 3, a (18) of the accompanying scheme. 
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OCH, OCH, NHOH 
(3 
I Ir \ 
COTARNINE 
CH,CH, -N— 
CH, CH, 
CH =NOH 
OCH, 
‘OH 
OXIME 
NH,OH 
(3a) 
H 
CH, en CH, 3 
N-CH, 
~ 
OCH, OH OCH, 
xz 


COTARNINE PSEVOO-BASE 


Reaction of cotarnine (1) with hydroxylamine and alkali leads to the 
formation of the oxime (III), which has been isolated (19-21). The oxime 
formed in the similar reaction with N-alkylquinolinium salts has been iso- 
lated (22, 23). The formation of the pseudobase of N-alkylquinoline from 
N-alkylquinolinium salts in alkaline solution has been demonstrated by 
Hantzsch and Kalb (24) who reported a decrease in electrical conductivity 
and in alkalinity of an alkaline solution of N-alkylquinolinium salts. This 
is due to the loss of the charge on the heterocyclic nitrogen because of the 
uptake of hydroxy! ions. These workers could not show the same effect 
with N-alkylpyridinium salts. The formation of the aldehyde tautomer 
(V) of the pseudobase (IV) was indicated to these workers by the forma- 
tion of the oxime and phenylhydrazone of N-alkylquinolinium salts (22, 
23) and the oxime of cotarnine (19-21). Equation 3, a presents the re- 
action sequence that would describe the oxime formation of cotarnine if 
the carbinol-amine-aldehyde tautomerism was involved. Thus, cotarnine 
(1) is in equilibrium with the carbinol-amine form (IV), which is in equi- 
librium with its tautomer (V), an aldehyde that can form the oxime (III). 
Other workers feel that this reaction can be explained without postulating 
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the open ring aldehyde. Equation 3 presents the sequence involved from 
cotarnine (I) to a hydroxylamine addition compound (II) that can rear- 
range to the oxime (IIIT). 

The reaction of hydroxylamine with DPN seems to be best explained by 
a mechanism similar to Equation 3 except that the reaction may stop at the | 
hydroxylamine addition step rather than proceed to the oxime form. That 
the oxime is not formed is indicated by the rapid dissociation of the DPN- 
NHOH both upon dilution and upon decreasing the pII of the solution, 
with the regeneration of enzymatically active DPN. Since it has not been 
possible to demonstrate the presence of the pseudobase of N-alkylpyridin- 
ium salts in mildly alkaline solutions by conductance measurements and 
since partitioning of the pseudobase and the quaternary salt between non- 
polar and polar solvents indicates that the pyridinium form is very stable 
(24), it seems unlikely that the rate of reaction of hydroxylamine and DPN 
would be so rapid (<5 seconds) as to attain equilibrium if the pseudobase 
and aldehyde tautomer were involved. Also, for the above reason, the 
possible reaction sequence involving the elimination of water between the 
pseudobase and hydroxylamine seems equally unlikely.’ It is suggested 
below that the hydroxylamine adds to the pyridine ring at position 4; this 
has, however, not been proved. If this can be shown to be the point of 
attachment, then the possibility of involvement of the aldehyde-tautomer 
of the pseudobase would be definitely excluded. : 

Burton and Kaplan (8) suggested a mechanism for the reaction of pyri- 
dine nucleotides and certain pyridine derivatives with ketones. This re- 
action mechanism may be generalized in three steps: (1) The pyridine | 
derivative exists in solution as a resonating structure with a positive 
charge distributed between the 1, 2, 4, and 6 positions and may be written 
with structures as indicated in Equation 4. The 4 position appears to 


© 


‘ It has been observed that the production of the fluorescent product of DPN by 
alkali proceeds through at least two steps (4). First, a product is formed in the 
presence of alkali which has a spectral peak at 340 my (thought to be due to pseudo- 
base formation); second, the first product is changed in the presence of alkali to give 
a fluorescent product having a spectral peak at 360 mg. Unpublished results of Dr. 
L. Astrachan, of this laboratory, show that the addition of hydroxylamine to the 
first product mentioned above (340 my peak) inhibits the second reaction; 7.¢., the 
formation of a 360 my peak and the appearance of a fluorescent product. Further, 
a product with a peak at 325 to 330 my is formed. The results might be interpreted 
as following the sequence formulated in Equation 3, a of the text. 
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carry the greatest positive charge, as indicated by Pullman and coworkers 
(25) for the enzymatic and chemical reduction of DPN and by Rafter and 
Colowick (26) for the chemical reduction of N'-methylnicotinamide salts. 
(2) The other reagent, i.e. ketones, hydroxylamine, cyanide, etc., loses a 
proton to become a negatively charged ion. (3) The nucleophilic reagent 
combines ionically with the positively charged carbon 4 of the pyridine 
derivative, forming the reduced compound. 

Hydroxylamine will form metal salts of the type MeONH: with sodium, 
calcium, and zine (27). Hydroxylamine will form oximes in basic solu- 
tions, presumably by forming an anion (Equation 5 and 5, a) that can then 
add to aldehydes and ketones (10-14). 


NH.OH + OH = NHOH + HOH (5) 


NHOH = NH.O (5, a) 


That the negatively charged nitrogen form is the attacking species may 
be inferred from the various hydroxylamine reactions. Oxime formation 
involves a nucleophilic attack upon a positively charged carbon atom form- 
inga C—N bond. The action of hydroxylamine and potassium hydroxide 
on certain heterocyclic compounds yields amino derivatives (28). The pos- 
sibility is not excluded, however, that the oxygen forms the initial bond, 
with a subsequent rapid rearrangement to a C—N bond. Step (3) of the 
DPN-hydroxylamine reaction could be formulated as in Equation 6 (other 
possible formulations are obvious and are not excluded). Equation 1 form- 
ulates the over-all hydroxylamine-DPN reaction; i.e., the sum of the re- 
actions formulated in Equations 4, 5, and 6. The evidence presented in 
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this paper is consistent with such a reaction mechanism. The necessity 
of DPN, hydroxylamine, and a low hydrogen ion concentration has been 
shown. The freely reversible nature of the reaction has been demonstrated 
by the calculation of a constant, K, with varying concentrations of re- 
actants. ‘The DPN-NHOH has been shown to be dissociable by reducing 
the hydroxylamine concentration and by increasing the hydrogen ion con- 
centration. 

The influence of the hydrogen ion concentration on the dissociation of 
the compound is illustrated in Fig. 6. The curve is found to obey the ex- 
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pression derived from Equation 1 over a large change in DPN-NHOH con- 
centrations (with a change from pH 10.25 to 9.5). However, at pH 9.4 a 
break in the curve occurs and a new straight line with a slope of —0.1 is 
obtained. The only effect of increased hydrogen ions should be to increase 
the extent of dissociation by a direct effect upon the reaction (as depicted 
in Equation 1) or by the less direct effect of removing the reactive form of 
hydroxylamine (see Equation 5 and 5, a) from solution. However, the 
curve with a slope of —0.1 represents a decrease in the extent of dissocia- 
tion of the DPN derivative. This possibly indicates that another DPN- 
compound has been formed: one that dissociates to a lesser extent than 
does DPN-NHOH in respect to decreased pH. The identity of this DPN 
compound is unknown. The curve representing the dissociation of DPN- 
NHOCHs, may be interpreted in a similar manner. ‘The line with its slope® 
of —2.1 indicates that either 2 hydrogen ions are involved in the reaction 
or that 1 hydrogen ion is involved, as would be expected from the reaction 
analogous to Equation 1, and in addition the methoxyamine gains a proton 
much more easily than does hydroxylamine and that the methoxyamine 
anion is being removed from solution and thereby causing a more rapid dis- 
sociation of DPN-NHOCH, than of DPN-NHOH for the same pH inter- 
vals. The line of slope equal to —0.12 could be explained by the decom- 
position of DPN-NHOCHs, as was suggested for the DPN-NHOH curve 
of slope = —0.1. 

Kaplan and Ciotti (1) described the competitive inhibition of liver and 
yeast alcohol dehydrogenase by hydroxylamine. Preincubating the liver 
enzyme with DPN and hydroxylamine results in the formation of an inac- 
tive compound (2). This inactive compound blocks the site of reaction on 
the enzyme, slowing (reversibly) the rate of the oxidation of ethanol, and 
is therefore a competitive inhibitor. The DPN and hydroxylamine con- 
centrations required for half maximal inhibition are the same; #.e., 1 &K 10~° 
and 2.5 X 10-° M, respectively. The formation of the inactive compound 
as a DPN-hydroxylamine compound was directly demonstrated by Kaplan 
and Ciotti (3), using large amounts of crystalline horse liver alcohol dehy- 
drogenase. In this last paper (3) a discussion of the spectral shift of the 
DPN-hydroxylamine compound and the enzymatic DPN-hydroxylamine 
compound was presented and compared to a similar spectral shift observed 
with free and enzyme-bound reduced DPN. These results indicate that 
the alcohol dehydrogenase binds and activates hydroxylamine and DPN 
and that these activated reagents then react to form the inactive compound 
(2,3). In a similar manner, a hypothesis may be advanced that the en- 
zyme binds and activates DPN and ethanol and that these activated 


5It should be noted that the two curves in Fig. 6 are drawn with different scales 
along the ordinate. 


XUM 


| 
| 


R. M. BURTON AND N. O. KAPLAN 461 


reagents react to form an intermediary compound that can be decomposed 
into the reaction products, DPNH and acetaldehyde. This has been dia- 


HO~C. 
H* 
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CH; 
H® 
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H CH; 
H ® ANION H O-C. H H* 
FORM H* CH 
CONH> CONH2 | CONH> 
< 
N N N 
R, R, ' R, 
OXIDIZED ADDITION TRANSITION REDUCED 
COENZYME COMPOUND STATE COENZYME 


Fic. 7. A hypothetical mechanism for alcohol dehydrogenase action. The details 
are described in the text. The pyridine nucleus is drawn in a stereospecific manner 
to indicate compliance with recent deuterium studies (20-31). The asterisk indi- 
cates a compatibility of this mechanism with the recent demonstration of a direct, 
stereospecific hydrogen transfer from substrate to DPN (29-31). Enzyme binding 
of the substrate and coenzyme (not shown in the scheme) is necessary for realization 
of the above considerations. 


~ » 
A 

H H 


Fic. 8. Relative molecular dimensions of ethanol and hydroxylamine. The 
atomic radii used are from Leermakers and Weissberger (32). 


grammed in Fig. 7. R;, is adenosine diphosphate ribose. This scheme 
allows the interpretation of the competitive (with ethanol) inhibition of 
aleohol dehydrogenase by hydroxylamine. In Fig. 8 the molecular di- 
mensions of ethanol and hydroxylamine are compared. The parts of the 
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molecules that are involved in the reaction with DPN are of a very similar 
size and shape, whether hydroxylamine is considered to react with a nega- 
tive charge on the nitrogen or on the oxygen (Equation 5, a). Fig. 7 
represents the reaction as occurring in the following steps. (1) The re- 
duced substrate ionizes under the influence of the enzyme and combines 
with the oxidized coenzyme to form an addition compound. This may be 
the same as the chemical addition derivative of DPN in the case of hy- 
droxylamine. Investigations are under way in this laboratory in an effort 
to demonstrate a chemical reaction between DPN and ethanol. (2) The 
enzyme-bound addition compound could then form a transition state inter- 
mediate,® such as is postulated in Fig. 7. (3) The transition compound 
decomposes into reduced coenzyme and oxidized substrate. The reaction 
products can then dissociate from the enzyme surface. A competitive 
inhibitor, such as hydroxylamine, will be enzyme-bound and activated and 
will form an addition compound. This addition compound is not able to 
form a transition intermediate, as illustrated, and to decompose to give 
reaction products. The firmly bound inactive compound, occupying the 
activating enzyme sites, prevents the normal reaction from occurring. All 
of the steps are written as reversible, since the gross reaction is reversible 
and since the inhibition by hydroxylamine is competitive. This scheme 
is consistent with the work of Fisher et al. (29), Loewus ef al. (30), and 
Vennesland and Westheimer (31) which showed a direct hydrogen transfer 
from the substrate to the coenzyme for both the yeast and liver’ alcohol 
dehydrogenase systems. A similar enzymatic reaction mechanism has been 
discussed by Snell (33) in an effort to explain the action of transaminases 
requiring pyridoxal phosphate. A non-enzymatic transamination reac- 
tion between the coenzyme and substrates has been demonstrated. 


The comments and criticisms of Professor W. Mansfield Clark are grate- 
fully acknowledged. Numerous discussions of the chemical reaction mech- 
anism with Dr. A. San Pietro and Mr. 8. Kinsky are appreciated. We 
wish to thank Mr. Francis Stolzenbach for his assistance on parts of this 
work. 


SUMMARY 


1. A chemical reaction is described that requires diphosphopyridine nu- 
cleotide, hydroxylamine, and hydroxyl ions. The product of this reaction 
has an absorption maximum at 315 my and at 260 mu. As the 315 my 
band is forming, a concurrent decrease in the 260 my band is observed. 
The product is readily dissociable, regenerating free (enzymatically active) 

6‘ The use of the term transition state intermediate is not intended to exclude 


other transition states that may be required for the complete reaction. 
7 Personal communication, Dr. B. Vennesland. 
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diphosphopyridine nucleotide. An apparent equilibrium constant has been 
calculated; K = 2.7 10-" for the reaction, 7.e. diphosphopyridine nu- 
cleotide plus hydroxylamine to yield the product and hydrogen ions. 


2. A possible reaction mechanism is present and discussed. 
3. The relationship of diphosphopyridine nucleotide addition products 


to a possible enzymatic mechanism of liver aleohol dehydrogenase action is 
presented and discussed. 
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In a previous paper (1), it was reported that DPN! could be quantita- 
tively converted to TPN by a purified enzyme (DPN kinase) from pigeon 
liver. ‘The stoichiometric conversion suggested the possibility that TPN 
could be obtained in relatively large amounts by the use of this enzyme. 
The present paper deals with the procedure by which TPN has been iso- 
lated, and the purity and properties of the isolated coenzyme are also 
described. 


Materials 


The DPN and ATP used in this experiment were preparations gener- 
ously supplied by the Pabst Laboratories.’ 

The DPN kinase was prepared as described previously (1); TPN iso- 
citric dehydrogenase and yeast alcohol dehydrogenase were prepared ac- 
cording to the respective methods of Grafflin and Ochoa (2) and Racker 
(3). The glucose-6-phosphate dehydrogenase from Leuconostoc mesen- 
teroides (4) was kindly furnished by Dr. Ralph DeMoss of this laboratory. 


EXPERIMENTAL 


Effect of ATP Concentration and Incubation Time on TPN Synthesis— 
We have previously reported that ADP and 5’-AMP would inhibit the 
phosphorylation of DPN by ATP (1). Since these two nucleotides were 
inhibitory, it was thought that excessive ATP concentrations might also 
be inhibitory. From Table I it can be seen that high ATP concentrations 


* Contribution No. 86 of the MceCollum-Pratt Institute. Aided by grants from 
the Williams-Waterman Fund, the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council, and the Rockefeller Foun- 
dation. 

! The following abbreviations will be used: DPN, diphosphopyridine nucleotide; 
TPN, triphosphopyridine nucleotide; TPNH, reduced TPN; ATP, adenosinetriphos- 
phate; 5’-AMP, 5’-adenylic acid; ADP, adenosinediphosphate. 

2 We wish to thank the Pabst Laboratories for the supply of DPN and ATP as 
well as for their interest in this work. 
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will slow the rate of reaction. However, after a long period of incuba- 
tion at the higher ATP levels, the reaction proceeds to the same end- 
point. Table I also shows that the DPN kinase is active after a long 
period of incubation at 37°, and we have found that the enzyme continues 
to promote synthesis of TPN even after 72 hours under these conditions. 
The data in Table I therefore suggested that the DPN kinase was a prac- 
tical means for obtaining relatively large amounts of TPN. It is also 
clear from the results that to obtain optimal rates of synthesis lower 
levels of ATP are essential. 


TaBLe I 
Effect of ATP Concentration on TPN Synthesis by DPN Kinase 


The reaction mixtures contained 5.4 uymoles of DPN, 100 uwmoles of glycylglycine 
buffer (pH 7.5), 5 umoles of MgCl., and 0.03 ml. of purified kinase in a total volume 
of 1 ml. Incubation at 37°. All values are in micromoles of TPN formed. 


ATP added 
4 pmoles | 8 pmoles | 16 pmoles 32 pmoles 64 pmoles 
hrs. 
0 0 0 | 0 = | 0 
1 0.28 0.25 0.095 0.065 | 0.046 
2 0.58 0.52 | 0.23 | 0.072 | 0.050 
4 1.08 0.96 | 0.45 0.15 | 0.075 
8 1.82 1.82 | 0.86 0.24 0.21 
24 3.70 4.30 | 2.45 1.63 1.24 
48 4.00 4.50 | 4.20 2.88 2.32 
72 4.30 5.00 4.50 3.95 4.45 


Preparation and Isolation of TPN—3A gm. (approximately 4000 
umoles) of Pabst DPN (neutralized to pH 7.5 with 0.1 nN NaOH) were 
incubated at 37° with 1500 umoles of neutralized ATP, 600 yumoles of 
MgCl, 6000 umoles of glycylglycine (pH 7.5), and 7 ml. of purified DPN 
kinase in a total volume of 50 ml. 0.02 ml. samples were taken at vari- 
ous times for TPN assay by the isocitric dehydrogenase method. Addi- 
tions of 1000 umoles of ATP each were made after 4, 8, 16, and 24 hours 
of incubation. As indicated previously, high ATP concentration is in- 
hibitory, and it is, therefore, essential to use lower concentrations of ATP 
at the beginning and to maintain the concentration by adding more ATP 
at later times of incubation. As the phosphorylation went on, the reac- 
tion of the mixture became more.acidic, since 1 proton was produced per 
mole of TPN formed. Normal NaOH was added at the intervals when 
ATP was added to keep the pH of the solution at 7.5. After 32 hours in- 
cubation, the amount of TPN formed was 2340 umoles. The amount of 
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DPN remaining was 850 umoles. The solution was kept in a deep freeze 
overnight and placed on a Dowex | (in formate form) column (5) after 
thawing the next day. After three washings with 50 ml. of water each 
time, the column was eluted with a solution of 0.1 m formic acid and 0.1 
m sodium formate. The eluate, collected in 10 ml. portions, was read 
at 260 my in the Beckman spectrophotometer to follow the appearance 
of adenine compounds. Isocitric dehydrogenase assays were made on 
the eluates with high absorption at 260 my. These are summarized in 


56 


48r 


40F 


E260 


240 480 720 960 1200 1440 1680 1920 2160 2400 
ELUATE IN MLS 


Fic. 1. Separation of TPN by the Dowex 1 column (formate form, 200 to 400 mesh, 
8.58sq.cem. X 12¢m.). Peak 1 is DPN; Peaks 2 and 3 are unidentified; Peak 4 is es- 
sentially TPN. The dotted line represents the TPN-adenine as determined by iso- 
citric dehydrogenase. Peak 5 represents largely 5’-adenylic acid. 


Fig. 1. The eluates between 700 and 1850 ml., containing most of the 
TPN, when combined totaled 1150 ml. and contained 1560 umoles of TPN. 
The solution was then acidified to pH 4 with 4 Nn HNO; and treated with 
4 volumes of cold acetone (— 15°) to precipitate the pyridine nucleotide. 
The precipitated TPN was collected by centrifugation. Additional TPN 
was recovered by adding more cold acetone to the supernatant solution. 
The combined nucleotide was then dissolved in a small volume of water 
and reprecipitated with acetone. After washing with first acetone and 
then ether, the TPN was dried in a vacuum desiccator over CaCl, and 
chopped paraffin. The yield was 1026 mg., having a purity of 89 per 
cent without correction for moisture content. In two other preparations, 
TPN of 83 and 93 per cent purity was obtained. 
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Recovery of DPN Kinase from Dowex 1 Column—The original effluent 
and the three water washings were tested separately for DPN kinase ac- 
tivity. It was found that almost all the enzyme activity was in the first 
water washing. It was brought to 0.75 saturation with respect to 
(NH4)2SO,4 by adding 174 ml. of saturated (NH 4)2SO,4, pH 7.1, to 58 ml. 
of the fraction. After standing in an ice-water bath for 1 hour, the pre- 
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Fic. 2. Absorption spectra of TPN and TPNH. TPN spectrum obtained by read- 
ing a solution of 200 y of TPN (83 per cent purity) in3 ml. of 0.1 Mm PO, buffer, pH 7.5, 
against the same PO, buffer blank. TPNH spectrum obtained by adding 0.05 ml. of 
pig heart isocitric dehydrogenase (60 per cent (NH,).SO, fraction) and 0.05 ml. of 
0.05 mM sodium isocitrate to the above cuvette containing TPN and to the PO, blank 


cuvette. Readings taken between 250 mu and 410 my; below 250 my, readings could 
not be taken because of the high absorption in the blank cuvette. 


cipitated protein was centrifuged and dissolved in a small volume of 0.02 
M phosphate buffer, pH 7.5. The solution was then dialyzed for 18 hours 
at 4° against 4 liters of 0.02 m NaHCO;. The volume of the enzyme so- 
lution after dialysis was 13.5 ml., which contained 1.9 mg. of protein per 
ml. Ona protein basis, it had about the same activity as did the original 
enzyme preparation. The DPN kinase is, thus, unusual in its stability 
toward long incubation at 37° and its ability to tolerate treatment on the 
Dowex 1 column. The recovery of the enzyme makes the preparation of 
TPN by this procedure much more practicable. 
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Properties of Enzymatically Prepared TPN—The TPN obtained from 
the Dowex 1 column as described above has a purity ranging from 83 to 
93 per cent (uncorrected for moisture content) as assayed by the isocitric 
dehydrogenase method. The absorption spectra of the enzymatically 
prepared oxidized and reduced TPN are presented in Fig. 2. The ratio 
of the optical density of TPN at 260 mu to that of TPNH at 340 mz is 
2.94, and the decrease of optical density at 260 my when TPN is reduced 
is 18 per cent of the optical density of oxidized TPN. Both values are in 
agreement with those found for DPN. 


Il 
Analysis of Enzymatically Prepared TPN 
Determination* Ratio per adenine 
Isocitric dehydrogenase....................... | 1.1 1 


* Adenine was estimated from the optical density of TPNH at 260 my, based on an 
extinction coefficient of 1.6 10° sq. em. per mole. Ribose was determined by the 
orcinol method (7). Total phosphate was assayed by digesting the TPN with 
H.SO, and then determining the inorganic phosphate according to Fiske and Sub- 
barrow (8). The value for isocitric dehydrogenase was obtained from AE 349 and an 
extinction coefficient of 6.3 * 10° sq. em. per mole; for cyanide, from AE35 and an 
extinction coefficient of 6.3 * 10° sq. cm. per mole according to Colowick et al. (9). 
CO, was determined manometrically in the Warburg apparatus. Each cup con- 
tained 3 mg. of TPN, 0.02 ml. of 1:10 L. mesenteroides gluccse-6-phosphate dehydro- 
genase and 0.05 m NaHCO; saturated with 5 per cent CO2-95 per cent Ne in a total 
volume of 3.1 ml. 0.05 ml. of 0.2 mM glucose-6-phosphate and 0.15 ml. of 0.05m Na- 
HCO, were tipped from the side arm to start the reaction. 


Analyses for ribose, adenine,* and total phosphate are presented in 
Table II. The value for TPNH at 340 my obtained from isocitric de- 
hydrogenase and that of the TPN-cyanide complex at 325 my are iden- 
tical, indicating that TPN is the only pyridine nucleotide in the prepara- 
tion. 

Also included in Table II is the value of CO, production when TPN is 
reduced by the glucose-6-phosphate dehydrogenase system in a bicarbo- 
nate buffer. This method was used by Warburg et al. (6) to determine 
the purity of their TPN preparation. In their calculation, the assump- 
tion was made that for 1 mole of TPN reduced | mole of CO, is produced. 


$Qur preparations contain very little 5’-adenylice acid as indicated by the good 
agreement of the adenine value with the other analyses. 
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OH O- 
H—C C=O 
| 
H.O + TPN* + ke 480 TPNH + H—COH + 2H* 
Glucose-6- 
H—COH dehydro- H—COH 
genase 
H—C O- H—COH O- 
| | 
CH.O—P=O CH.O—P=0O 
O- 
2H* + 2HCO;- — 2CO, + 2H,0 


Actually, 2 moles of CO2 should be produced per mole of TPN reduced as 
indicated in the accompanying equations. In our case, 2 moles of CO, 
were actually formed when 1 mole of TPN was reduced to TPNH (Table 
II). The glucose-6-phosphate dehydrogenase from L. mesenteroides was 
used in this experiment, since the 6-phosphogluconic dehydrogenase from 
this organism is DPN-specific (4). This would prevent any secondary 
reaction with 6-phosphogluconate formed in the glucose-6-phosphate de- 
hydrogenase reaction. The purity of TPN obtained by this method is 
in good agreement with that obtained from the isocitric dehydrogenase 
method. 

The monoester phosphate group in TPN is in the 2’ position of the 

adenosine ribose moiety (10). This group can be readily removed by 
heating in a normal HCl or H2SO, solution. The comparative rate of re- 
leasing the phosphate group in TPN and in 2’-adenylic acid is illustrated 
in Fig. 3. 
‘ When the TPN preparation was treated with prostatic phosphatase, 
equivalent amounts of DPN and inorganic phosphate were obtained. 
The initial AF'349 obtained by the isocitric dehydrogenase method is essen- 
tially the same as the sum of AF’349 determined by the isocitric dehydro- 
genase (corresponding to the TPN left) plus that determined by the alcohol 
dehydrogenase (corresponding to the DPN formed) in various times of 
incubation with the prostatic phosphatase. Thus the molecular extine- 
tion of TPNH at 340 mz is either the same as or very close to that of 
DPNH at this wave-length. 

Synthesis of 3-Acetylpyridine Analogue of TPN—It has previously (1) 
been shown that the DPN kinase is quite specific and reacts only with 
oxidized DPN; nucleotides such as desamino DPN and DPNH are not 
phosphorylated. The formation of the 3-acetylpyridine analogue of 
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DPN has recently been reported (11). The 3-acetylpyridine analogue of 
TPN has also been demonstrated with pig brain DPNase and shown to 
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s 2' ADENYLIC 
ACID 

re) 

30 60 120 
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Fic. 3. Inorganic P liberation by acid hydrolysis of TPN and 2’-adenylie acid. 
1 mg. of TPN or 400 y of 2’-AMP heated in a boiling water bath with 2 ml. of 1 N 
HCl. Samples were taken at various times, as indicated, for determination of inor- 
ganic P according to Fiske and Subbarow (8). 


III 
Comparison of Rate of Phosphorylation of DPN with 3-Acetylpyridine Analogue 
of DPN 

6 umoles of either DPN or DPN analogue were incubated with 8 uwmoles of ATP, 
5 umoles of MgCl, 100 wmoles of glycylglycine (pH 7.5), and 0.2 ml. of enzyme in a 
total volume of 1 ml. TPN was determined with isocitric dehydrogenase by meas- 
uring the change at 340 my; the acetylpyridine analogue was assayed with isocitric 
dehydrogenase by measuring the change at 360 my. 


Incubation time | TPN formed Aastyigytidine enahegus of TPN 
Ars. | pumoles umoles 

1 | 1.5 0.2 

2 | 3.1 0.5 

5 3.9 1.4 


react at a slower rate with the TPN isocitric dehydrogenase. It was 
therefore of interest to ascertain whether the 3-acetylpyridine analogue 
of DPN could be phosphorylated to the TPN analogue by the DPN 
kinase. That this conversion does occur is illustrated in Table III; the 
rate is, however, slower than the conversion of DPN to TPN. These 


4 Kaplan, N. O., and Ciotti, M. M., in preparation. 
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findings further support our earlier suggestion (1) that the positive charge 
is essential for the phosphate transfer catalyzed by the DPN kinase. 


SUMMARY 


Conditions are described for the large scale preparation of TPN from 
DPN by the DPN kinase from pigeon liver. TPN preparations ranging 
from 83 to 93 per cent purity (uncorrected for moisture) have been ob- 
tained by this method. Analytical data are given for the enzymatically 
prepared TPN. 

The DPN kinase has been found to be quite stable; it promotes synthe- 
sis of TPN even after 72 hours of incubation at 37°. The enzyme can 
be recovered after removal of the products on a Dowex I column. 

Evidence is also presented for the phosphorylation of the 3-acety]- 
pyridine analogue of DPN to the corresponding analogue of TPN. 
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THE BACTERIAL SYNTHESIS OF a-ACETOLACTATE* 


By YUTAKA KOBAYASHI? ann GEORGE KALNITSKY 


(From the Department of Biochemistry, State University of Iowa, College of 
Medicine, Iowa City, Iowa) 


(Received for publication, April 9, 1954) 


a-Acetolactic acid has been suggested as a possible intermediate in the 
formation of 2,3-butylene glycol (1) and acetoin (2) from acetaldehyde 
and pyruvate. It has also been postulated as an intermediate in the anaer- 
obic dismutation of pyruvate to lactate, acetate, and carbon dioxide (2). 
The mechanism of acetoin formation in bacterial systems has been clarified 
by the work of Juni (3, 4) who offered the first convincing evidence for 
the existence of a-acetolactic acid in biological systems. Juni fractionated 
cell-free extracts of Aerobacter aerogenes into two components: one which 
synthesized a-acetolactic acid from pyruvate and a second which decar- 
boxylated the a-acetolactic acid to yield acetoin and carbon dioxide. The 
crude cell-free extract metabolized pyruvate to acetoin. 

The present work describes the properties and cofactor requirements 
of a crude cell-free extract obtained from Proteus morganii which is capable 
of forming a-acetolactic acid from pyruvate. The reaction pathway was 
verified by the use of carboxyl-labeled pyruvate. 


Material and Methods 


P. morganii was grown according to Kaltenbach and Kalnitsky (5) less 
phosphate salts at 34°. At the end of the incubation period, the pH of the 
medium was between 7.8 and 8.0. The cells were harvested with a Sharp- 
les supercentrifuge (approximately 22,000 r.p.m.), washed three times with 
demineralized water, and stored at 2-4°. The yield of cells varied from 
30 to 50 gm. per 10 liters of medium. 

The bacterial cells were ruptured by one of the following methods: grind- 
ing with glass (6), with alumina (7), or by the use of the Raytheon 9 ke. 
magnetostriction oscillator, model S-102A.' The cell-free extract was then 
obtained by centrifuging the ruptured cells and extracting medium, usually 
0.03 mM potassium phosphate buffer, pH 6.9, for 30 minutes at 19,000 X g. 


* These studies were aided by a grant from the Nutrition Foundation, Inc., and 
by a contract between the Office of Naval Research, Department of the Navy, and 
the State University of lowa, NR 123-327. 

t Present address, Rheumatic Fever Research Institute, Northwestern Univer- 
sity, Chicago 8, Illinois. 

' We are indebted to Dr. R. EF. Kallio of the Department of Bacteriology for the use 
of this instrument. 
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The clear extract containing the enzyme was decanted from the sedimented 
débris. The sonic oscillator was used almost exclusively because of con- 
venience and because this method consistently gave large amounts of ex- 
tract with good activity. When the oscillator was used, the cells were 
suspended in 0.5 or 0.8 ml. of 0.03 mM phosphate buffer, pH 6.9, per gm. of 
wet cells and vibrated for 40 minutes at 120 volts. 

The fermentation mixture consisted of 0.90 ml. of cell-free extract, 400 
umoles of potassium bicarbonate, 0.10 m (final concentration) phosphate 
buffer, pH 7.0, and 120 umoles of potassium pyruvate in a final volume of 
1.8 ml. After being treated for 5 minutes with 5 per cent carbon dioxide- 
95 per cent nitrogen, the pH of the mixture was between 8.1 and 8.2 and 
rose to 8.2 to 8.3 after incubation for 60 minutes at 30.2°. 

Pyruvate was assayed colorimetrically by the method of Friedemann 
(8) and manometrically with ceric sulfate (9). Pyruvate-1-C™ was pre- 
pared by the hydrolysis of pyruvamide-1-C™ kindly supplied by Dr. M. F. 
Utter of Western Reserve University. The 8-keto acids were assayed 
manometrically with aniline citrate (10), aluminum sulfate (11), copper 
sulfate (12), or 6 N sulfuric acid (13). The addition of 0.30 ml. of 50 per 
cent citric acid lowered the pH to 3.3. After evolution of carbon dioxide 
from the bicarbonate, the further addition of 0.40 ml. of aniline citrate 
(equal volumes of aniline and 50 per cent citric acid) brought the pH to 
4.5. The latter pH is optimal for the determination of 8-keto acids (10). 
dl-a-Acetolactic acid was prepared by the hydrolysis of ethy! dl-a-aceto- 
lactate kindly supplied by Dr. L. O. Krampitz (13). Diacetyl was es- 
timated by the method of Happold and Spencer (14). Acetoin was iden- 
tified qualitatively by the method of Westerfeld (15). The procedure 
for trapping radioactive carbon dioxide was essentially that described by 
Kaltenbach and Kalnitsky (5). The radioactive barium carbonate was 
plated on aluminum disks according to the method of Winnick (16) and 
assayed in a windowless flow counter. C'-Sodium bicarbonate was pre- 
pared from C™-barium carbonate (5). 

General Properties of Extracts—The specific activity of the cell-free ex- 
tracts was determined from the number of microliters of carbon dioxide 
liberated by aniline citrate in 30 minutes per mg. of Kjeldahl nitrogen per 
60 minutes of incubation time. The average specific activity of ten sonic 
preparations was 67 and that of eleven preparations ground with alumina 
was 61. The one preparation ground with glass had a specific activity of 
47. Wet whole cells did not appear to be affected by storage at 2° for as 
long as 30 days, whereas the cell extracts lost 10 to 12 per cent of their ac- 
tivity in 4 to 5 days at this temperature. 

The reaction is enzymatic, since the yield of product was directly pro- 
portional to the concentration of cell-free extract, and boiled extract failed 
to catalyze the synthesis of any product. 
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The effect of four known enzyme inhibitors, arsenite, arsenate, fluoride, 
and malonate, was tested on this enzyme system. 0.004 m arsenite gave 
30 per cent inhibition, while 0.004 m arsenate, 0.01 m fluoride, and 0.07 m 
malonate had virtually no effect on the synthesis of acetolactic acid from 
pyruvate. 

Stoichiometry of Reaction--When the reaction was allowed to go to com- 
pletion, an average of 40.1 ywmoles of product was synthesized in three 
experiments. The reaction time was inversely proportional to the nitrogen 
content of the extract. Pyruvate determination showed that all of the 
120 umoles initially present were consumed. This gave the ratio of 3 moles 
of pyruvate disappearing per mole of product synthesized. This relation- 
ship between pyruvate and acetolactate was also obtained at various time 
intervals during the course of the fermentation (Table I). The stoichiome- 


Taste I 
Pyruvate Utilization during Enzymatic Synthesis of Acetolactate 


pyruvate 


Experiment No. Incubation time Pyruvate utilized  Acetolactate formed | Ratio, 


acetolactate 

ISO 21.6 2.6 
2 | 340 114 33.9 3.3 
3 120 42.3 14.7 2.9 
3.1 


| 240 0.8 | 29.2 


try of this reaction was confirmed with the use of pyruvate-1-C™ (Table 
IV). 


Metal Ion and Cofactor Requirement for a-Acetolactate Synthesis 


The addition of magnesium or manganese ions to dialyzed extracts re- 
sulted in stimulation of synthesis of acetolactate, suggesting the require- 
ment of either metal ion in this reaction. When Versene (Bersworth Chem- 
ical Company) was added to the crude cell-free extract, an average of 98 
per cent inhibition was observed in seven experiments. The Versene in- 
hibition was reversed by the addition of either Mg** or Mn** (Table IT). 

Dialysis inactivates the enzyme system extensively. The addition of 
any one of the following compounds to dialyzed cell-free extracts failed to 
stimulate synthesis of acetolactate: 20 y of biotin, pyridoxal phosphate, or 
thiamine, 100 y of diphosphopyridine nucleotide (65 per cent pure) or 
triphosphopyridine nucleotide (10 per cent pure), 0.005 m adenosinedi- or 
triphosphate, and 50 y of muscle adenyliec acid per flask. Magnesium ions 
were included with each cofactor under consideration to satisfy the metal 
requirement of the enzyme. It was found that the addition of 10 y of 
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diphosphothiamine (DPT), together with magnesium ions, restored activity 
to the dialyzed preparations. The pertinent data are given in Table IIT, 


Il 
Reversal of Versene Inhibition of Acetolactate Synthesis by Metal Ions 


Acetolactate formed 


Additions Experiment 1 Epxeriment 2 
+Mn** | +Mg"* +Mn** 
pl pl. pw! pl 
None..... 22s 228 Iso 
0 0 IS IS 
ns + 0.005 M metal ions 12 
118 
+005 “* * 210 179 3906 
+006 * 235 230 
* 255 140 147 9) 


Versene, 0.015 Mo, final concentration; other conditions as described under ‘‘Ma- 
terial and methods’”’ and as indicated. 


Taste Ill 
Effect of Diphosphothiamine on Dialyzed Extracts of P. Morganii 


Acetolactate formed 


Additions 
Experiment 1 Experiment 2 Experiment 3 
(30 hrs.)* 46 hrs.)* (104 hrs.)* 

pl. pl. pl. 
Crude enzyme...._. 177 303 251 
Dialyzed enzyme............... 5O 2 0 
se Mgt+ + DPT. 18] 241 


* Time of dialysis. 


The cell-free extracts were dialyzed against demineralized water at 4°. 
Interestingly enough, DPT exerted a stimulatory effect on undialyzed, 
untreated cell-free extracts, 10 to 20 y resulting in a 25 to 60 per cent in- 
crease in the rate of acetolactate synthesis. 
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Identification of a-Acetolactic Acid—Proof for the synthesis of a-aceto- 
lactic acid by cell-free extracts of P. morganii rests on the isolation and 
identification of diacetyl from the fermentation mixture (following de- 
carboxylation and oxidation), the results obtained with pyruvate-1-C™ 
(Table IV), and the study of the properties of synthetic a-acetolactic acid. 

The fermentation broth was tested for acetoin before and after decar- 
boxylation of the product with citric and sulfuric acids. It was found that 


Taste IV 


Conversion of Pyruvate-1-C™ to Acetolactate-1-C™, C“O:, and Diacetyl 


Acetolactate fraction$ | 


Experiment’ added | HCOs" fraction*t | 
| | | Observed | lated? 
Y | ¢.p.m. pmoles c.p.m. pmoles | moles pmoles 
la 0 | 1051 8.2 671 5.3 | 5.2 
Ib 0 2763 21.4 | #1314 10.6 #£«10.2 12.6 
le§ o | | 41 o | 03 
2a 0 2075 16.1 1193 99 9.3 
2b 10 2305 | 17.9 1550 12.1 12.0 
3a DO 1678 | 13.0 1460 9.1 11.3 10.1 
3b§ 0 42 | 0.3 13 | 0 O.1 


Flask contents as described under ‘‘Material and methods.’’ Nitrogen content 
per flask, Experiment 1, 1.96 mg.; Experiment 2, 3.68 mg.; Experiment 3, 1.64 mg. 
Reaction time, Experiments 1b and Ic, 2 hours; all others, 1 hour. After acidification 
and flushing with N. for 15 minutes, the 5 minute flushes obtained were as follows: 
Experiment Ib, 168 ¢.p.m.; Experiment 2a, 252 ¢.p.m.; Experiment 2b, 296 ¢.p.m.; 
Experiment 3a, 171 ¢.p.m.; Experiment 3b, 6 ¢.p.m. 

* Obtained by acidification of the reaction mixture with citrie acid. 

t Calculated from the specific activity of the pyruvate-1-C** added: 15,480 counts 
per 120 wymoles = 129 ¢.p.m. per umole of pyruvate. 

t Obtained by decarboxylation with aniline citrate or 6 N H.SO,. 

§ No enzyme added. 


virtually no acetoin was present in the broth prior to the addition of the 
acids. However, after the addition of the acids, a strong positive test for 
acetoin was obtained. Known samples of acetoin and diacetyl were car- 
ried as controls. The diacetyl formed from acetolactate by decarboxyla- 
tion and oxidation of the resulting acetoin was identified through the 
2, 4-dinitrophenylhydrazone (m.p. 315°) and the semicarbazone (m.p. 280—- 
283°). Mixed melting points with authentic samples showed no depression. 

Three experiments were conducted with pyruvate-1-C™ as substrate 
with cell-free extracts of P. morganii. The results are presented in Table 
IV. 

In Experiment | of Table IV, it can be seen that the amount of carbon 
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dioxide liberated by aniline citrate and the amount of radioactivity for the 
corresponding fraction were in close agreement. Moreover, the bicar- 
bonate fraction which is the carbon dioxide liberated by citric acid con- 
tained roughly twice the activity as the aniline citrate fraction. If it were 
assumed that acetolactate is the compound formed, this would require 2 
pyruvic acid molecules per molecule of acetolactate. However, balance 
studies (Table I) have shown that 3 molecules of pyruvic acid disappear 
for every molecule of product appearing. The fate of the 3rd pyruvate 
molecule is unknown other than the fact that it is decarboxylated. At 
any rate, the distribution of the radioactivity makes it clear that 2 pyruvate 
molecules are broken down into smaller units and the 3rd is condensed with 
one of the fragments. The diacetyl analysis which showed its close re- 
lationship to the amount of carbon dioxide liberated by aniline citrate 
indicated that the precursor of diacetyl was probably a-acetolactic acid. 
The diacetyl formed from the radioactive pyruvate was converted to the 
2 ,4-dinitrophenylhydrazone and found to contain no radioactivity. The 
accompanying series of reactions can now be postulated for the fermenta- 
tion of pyruvic acid in this system. 

2CH;-CO-C“OOH — (2CH;-CHO) + (1) 

2-Carbon fragment 


CH,;-CO-C™’OOH + (CH,-CHO) CH,y-CO-C(OH)(CH,)-C’OOH (2) 
Acetolactic acid 


CH,;-CO-C(OH) -C“OOH — CH,-CO-CH(OH)-CH, + C™O, (3) 


Acetoin 
CH,-CO-CH(OH)-CH, — CH,-CO-CO-CH, + 2H (4) 
Diacety] 


This series of reactions will account for all of the data gathered. Acetoin 
formed by decarboxylating a-acetolactic acid can be easily oxidized to 
diacetyl by air or by mild oxidizing agents (17). 

In Experiment 2 of Table IV, 10 y of DPT were added to increase the 
amount of product formed. It can be seen that again radioactivity was 
observed in the predicted fractions. However, the flask with the DPT had 
1.5 times as much radioactivity in the bicarbonate fraction as in the aniline 
citrate fraction, whereas the one without DPT had 1.75 times as much in 
the same fraction. The expected ratio was 2. The close agreement be- 
tween the manometric and the C™ data was again striking. 

In Experiment 3 of Table IV, the system was loaded with 50 y of DPT. 
An interesting result was that the ratio of the radioactivity of the two frac- 
tions, the bicarbonate and the aniline citrate, was close to 1. The added 
DPT had apparently reduced the ratio of pyruvate to product from 3:1 
to 2:1, the theoretical value. Diacetyl analysis showed good agreement 
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with the amount of carbon dioxide given off by the substance, again indi- 
eating acetolactate as the product of the pyruvate fermentation. 


Failure of Enzyme to Catalyze Fixation of NaHCO; 


Another possible end-product of this enzymatic reaction was oxalacetate 
which can result via the Wood-Werkman reaction (18). To test this possi- 
bility, radioactive bicarbonate was used in the broth. Although there was 
always adequate enzymatic activity as measured by the release of carbon 
dioxide by aniline citrate, this gas contained no radioactivity. This lack 
of radioactivity eliminated the Wood-Werkman reaction as a factor.? 


Taste V 
Effect of Various Decarbozylating Reagents on Product of Enzymatic Pyruvate 
Utilization 
+ Ale(SOv)s acid + CuSOs | Citric acid + | 
352 65 261 | 332 | 350 


Conditions as described under ‘‘Material and methods’’; time, 210 minutes, 
after which acids and decarboxylating reagents were added. 


Effect of 8-Keto Acid Reagents on Acetolactate and Oxalacetate 


As a further check, the chemical properties of the two 8-keto acids, oxal- 
acetic and a-acetolactic acids, were compared. It was found that mineral 
acids decompose a-acetolactic acid very rapidly and quantitatively, whereas 
oxalacetic acid was stabilized. The behavior of both 8-keto acids in citric 
acid was identical. However, in acetic acid, a-acetolactic acid was more 
stable than oxalacetic acid. When the acetic acid-copper sulfate method 
was used to determine the 8-keto acids, it was found that only about 60 
per cent recovery of a-acetolactic acid was obtained in a closed system. 
If aluminum sulfate were substituted for copper sulfate, quantitative re- 
coveries for both acids were obtained. 

The effect of the various treatments was tried on pyruvate fermentation 
broths. The results of this study are presented in Table V. It can be 
seen that low recoveries were obtained with sulfuric acid followed by 
aluminum sulfate. This would be the expected result if the unknown were 
a-acetolactic acid, because it would decompose rapidly in the mineral acid 
used to denature the protein and rid the system of bicarbonate. The ap- 
proximately 70 per cent recovery of gas with acetic acid-copper sulfate 


? Strain variation must have occurred, since extracts of the same organism used in 
previous work catalyzed the formation of oxalacetate from pyruvate. 
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treatment when compared to the citric acid-aniline citrate treatment is 
again in keeping with the properties observed for a-acetolactic acid. The 
fact that citric acid followed by sulfuric acid gave a good recovery of gas 
eliminated oxalacetate as the major product of the fermentation of py- 
ruvate. 

Juni (3) reports a qualitative test for the identification of acetolactie 
acid based on the formation of the osazone of diacetyl. Under his con- 
ditions the formation of this derivative appeared specific for acetolactic 
acid, since neither acetoin nor diacetyl formed this derivative. However, 
in our hands, all three substances, acetolactic acid, acetoin, and diacetyl, 
gave identical derivatives. Mixed melting points of the three derivatives 
showed no depression. 


DISCUSSION 


The mechanism of the synthesis of a-acetolactic acid by extracts of P. 
morgantt is similar to the transketolase system of Racker ef al. (19) and 
Horecker and Smyrniotis (20). The reaction of 2 pyruvate molecules to 
form acetolactic acid and carbon dioxide (Reaction 5) is a similar type of 
organic reaction and the requirements for DPT and magnesium ions are 
identical. 


COOH COOK COOH 
CO + CO — CH,—C—OH + CO, 

(5) 
CH; CH; CO 

| 

CH; 


Mizuhara and Handler (21) have actually sueceeded in catalyzing with 
large amounts of thiamine the non-enzymatic synthesis of acetoin from 
acetaldehyde and pyruvic acid at a pH optimum of 8.4. Therefore, their 
model was used to depict the combination of the pseudobase of DPT (which 
only forms in an alkaline medium) with the pyruvate anion and for the 
proposed pathway of the enzymatic acetolactate synthesis (Fig. 1). All 
structures take into account the alkaline nature of the medium used. 

The possibility remains of forming an active 2-carbon fragment which 
has formed a complex with the thiol atom of DPT (22), although this is 
unlikely in view of the lack of evidence for thiol formation for thiamine 
at this basic pH (23). 

Several mechanisms have been proposed for the function of DPT in 
enzymatic reactions (22, 24-26); however, that of Mizuhara and Handler 
(21) is the only one supported by non-enzymatic organic reactions. 


(5) 
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It is probable that the ability of the cell-free extracts of P. morganii to 
pile up a@-acetolactic acid without decarboxylating it is due simply to the 
basic pl of the medium. Not only is a-acetolactic acid stable at pH 7.8 to 
8.0, but the a-acetolactic acid decarboxylase, if present, is inoperative at 
this pH as evidenced by the amount of product formed. The a-acetolactic 
acid decarboxylase reported by Juni (3) has a pH optimum at 6.0. 


CO, 
ior 0 OH O OH 
HOH 
®c-c-O0 + CHs— CO om 
CH, HO~c c- N 
H~ \s/ 
Rs 3 
Pyruvate Pseudobose 
+ 
OHO OH 101 O iol O 
CHs- C-¢-C-0 
CHs N® CH; CH; 
+ R; 


Fic. 1. The mechanism of acetolactate formation 


SUMMARY 


C‘ell-free extracts of Proteus morganii anaerobically metabolized pyruvate 
to a-acetolactic acid plus carbon dioxide. The system required DPT and 
Mg** or Mn**. 3 moles of pyruvate disappeared per mole of a-acetolactic 
acid synthesized by the crude extract and this ratio can be altered to 2:1 
by the addtion of DPT. 

Evidences for a-acetolactic acid formation were (1) comparison of the 
fermentation product with known a-acetolactic acid, (2) formation of a 
radioactive 8-keto acid from pyruvate-1-C"™, (3) equivalence of the amount 
of diacety! (acetoin) formed and amount of radioactive carbon dioxide lib- 
erated by aniline citrate, (4) absence of acetoin in the broth prior to the de- 
carboxylation of the 8-keto acid, (5) absence of radioactivity in the acetoin 
formed from the radioactive 8-keto acid. 
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NUCLEIC ACID PATTERNS IN TUMOR-BEARING, PARTIALLY 
HEPATECTOMIZED MICE* 


By NESTOR M. RODRIGUEZ, HARRY T. HOCHSTRASSER, JOSEPH O. 
MALBICA, ann LEOPOLD R. CERECEDO 


Witu THe Trecunicat ASSISTANCE OF BeLen L. Ropricuez 
(From the Department of Biochemistry, Fordham University, New York, New York) 


(Received for publication, June 3, 1954) 


Previous work in this laboratory has shown that significant changes 
occur in the nucleic acid content of certain tissues of tumor-bearing mice 
and rats (1-5). Similar changes, though less pronounced, were observed in 
the mouse during gestation (6). In contrast, liver regeneration did not 
have such an effect on the nucleic acid content in the tissues of the rat (7). 
The present study was planned with a twofold purpose. First, we were 
interested in determining what effect liver regeneration would have on the 
nucleic acid pattern of the tissues of the mouse; secondly, we reasoned 
that, if it were possible to perform two consecutive partial hepatectomies 
during the development of a tumor, any chemical changes taking place in 
the liver could be followed in the same animal. Since potassium is known 
to be essential for growth, the study was broadened to include the estima- 
tion of this element in certain tissues of the mouse. 


EXPERIMENTAL 


Male Swiss mice, 6 weeks old, maintained on Rockland rat diet, were 
employed. Crocker sarcoma 8-180 was transplanted with a biopsy needle 
into the right pectoral region of 61 animals. Consecutive partial hepatec- 
tomies were performed on groups of these mice at 5 and at 10 days after 
tumor implantation. Identical operations were concurrently performed on 
groups of normal mice. These hepatectomies were performed according 
to a modification of the procedure used by Lombardo et al. (7) in regenera- 
tion experiments on the rat. The liver lobe to be excised was everted 
through the ventral incision and held in this position with wet gauze while 
ligatures were applied. In the series of operations performed at 5 days, 
individual lobules of the bifurcate median lobe were removed, leaving 
undisturbed the central portion to which is attached the gallbladder. The 
left lateral lobes were removed completely. 


* This investigation was supported by a research grant (No. C-1370(C3)) from the 
National Cancer Institute of the National Institutes of Health, United States Public 
Health Service, and a grant from the Damon Runyon Memorial Fund for Cancer 
Research, Inc. 
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Since the present experiment was designed chiefly to show that liver 
changes can be observed by the technique described, we have not tried to 
demonstrate to what extent regeneration occurs under the conditions im- 
posed, but rather to ascertain, by use of suitable controls, that the changes 
so observed are not due to whatever regeneration does take place. How- 
ever, preliminary experiments showed that regenerations of 45 and 55 per 
cent occurred after 4 and 7 days, respectively, when only 32 per cent of the 
liver (left lateral lobe) was removed. When 57 per cent of the liver was 
removed, regenerations of 20, 37, and 66 per cent were observed at 2, 3, 
and 4 days, respectively. The over-all regenerations following the series 
of two operations, in which a total of 57 per cent of the liver was removed, 
were estimated to be 46 per cent for the tumor hosts and 49 per cent for 
the control animals. No significant differences in water, fat, DNA (de- 
oxyribonucleic acid), or RNA (ribonucleic acid) contents could be detected 
between the partially hepatectomized and control mice. 

The remainder of the tumor-bearing, along with a similar number of 
normal mice, was sacrificed in groups at the end of the 5, 10, and 15 day 
periods. All the animals were killed by decapitation. The tissues were 
immediately weighed, frozen on dry ice, and stored at —20°. The in- 
testinal mucosa was obtained according to the method of Friedberg, Tar- 
ver, and Greenberg (8). 

For analysis, the tissues were pooled into appropriate groups and finely 
ground in water at 0°, and the nucleic acids were extracted with hot tri- 
chloroacetic acid (9). The ribonucleic acid was determined according to 
the method of von Euler and Hahn (10), and the deoxyribonucleic acid 
according to that of Stumpf (11). Guanine and adenine were estimated 
according to the methods of Hitchings (12) and of Woodhouse (13), re- 
spectively, as used in the combined procedure of Lombardo, Travers, and 
Cerecedo (3). 

For the determination of potassium, the tissues were digested with 8 mM 
nitric acid and finally oxidized with sulfuric acid and ammonium persulfate 
according to the procedure described by Cullen and Wilkins (14). The 
potassium content was determined from aliquots of the solution by the 
sodium cobaltinitrite method of Jacobs and Hoffman (15), as modified by 
Eden (16), Cristol and Caron (17), and Barry and Rowland (18). 


RESULTS AND DISCUSSION 


The data of Table I show, in agreement with previous reports (1—4), 
that there is an increase in DNA and a slight increase in RNA in the 
liver of the mouse during the growth of the sarcoma. They also show 
that analysis of the excised portions of liver can be used to observe these 
changes in a single group of tumor-bearing animals; that is, under our ex- 
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perimental conditions, no changes are found as a result of liver regenera- 
tion, and, hence, the changes observed can be attributed to the effect of 
the tumor.' A major advantage of this procedure can be seen by compar- 
ing the data for the excised liver of tumor-bearing animals with those for 
whole livers of similar groups of animals. The progressive increases of 


Tasie [ 
Changes in Nucleic Acids and Potassium in Livers of Sarcoma-Bearing Mice 
Source of tissue | ‘a | . | 
DNA | RNA | 
days | | | 
Controls | | | | | | 
Left lateral 24) 3 + 0.9°33.0406 88 1.07 | 3.75 
lobectomy | | | | | +£0.09 +0.15 
Median lobee- | 10 | 23 | 2 9.1 41.2 4.040.5 9.34 0.2) 0.98 3.67 
tomy a | | | +0.12 +0.01 
Residuum (15 18) 3 9.4 40.9 33.24 0.2.9.8 + 0.3 0.96 | 3.40 
| +0.03 +£0.08 
Tumor-bearing || | 
Left lateral 23) 3 | 9.1 + 0.1 32.4 + 2.8 8.4 + 0.6 1.10] 3.90 
lobectomy | | | | | +0.06 +0.37 
Median lobee- 10 20) 3 13.3 + 0.2 37.4 + 0.910.0 4 0.7) 1.34 3.75 
tomy | | | | +0.08 +0.24 
Residuum 15 12 3 13.8408 353.541.1964 0.7 1.45!) 3.75 
ine | +0.08 +0.31 
Controls, whole «9340.7 4.0406 8.9402 1.02 3.37 
liver | | | £0.04 +0.28 
Tumor-bearing, 5 12 4 1641.5 31040495406 1.22 3.25 
whole liver | | | | | +0.28 +0.18 
10 9 3 + 0.7 34.8 40.7 9.1 40.3 1.30 3.85 
| +0.09 +0.21 
“ “ 17 3 14.7 + 0.9 34.940.110.9 40.8 1.34) 3.22 
We | +£0.02 +£0.20 


* The deviations represent the standard error for the average value for the cor- 
responding number of pools. Duplicate determinations on each separate pool 
agreed within 3 per cent. 


DNA and of the DNA:K ratio in the former group are much more evident 
because the effect of biological variation between animal and tumor groups 
is practically eliminated. The RNA:K ratio remains practically un- 
changed. 

The data for the nucleic acids, RNA: K, and DNA:K ratios in the lung, 
kidney, spleen, intestinal mucosa, and tumor of the sarcoma-bearing mouse 


' A separate experiment has shown that the variation of nucleic acid content of the 
pertinent liver portions is less than 2.7 per cent. 
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Taste IT 
Changes in Nucleic Acids and Potassium in Tissues of Sarcoma-Bearing Mice 
] 
DNA | | | 
Lung | (a) | 14.6 0.612.5 + 0.81.84 + 0.031.138 4 0.04 
| | +&2.0f | | | | 
(b) 14.3 + 0.412.383 + 0.81.87 + 0.201.17 + 0.11 
+0.9 | | | | 
(c) 5 24.7 12.3 2.01 1.20 
we 22.6 (15.2 10.4 2.18 1.46 
“1 45 26.2 10.8 2.42 1.27 
(d) | 15 32.3 |14.7 11.6 2.79 1.27 
Kidney | (a) «14.6 21.4 + 0.5 9.6 + 0.21.53 + 0.182.24 + 0.10 
| | | | 
(b) 12.5 2.3 41.0 8.5 + 0.61.48 + 0.18244 + 0.01 
+0.7 | | | | 
l(c) | 13.7 22.0 9.6 1.43 2.30 
17.4 21.0 10.3 1.69 2.04 
19.2 19.9 9.1 2.11 2.19 
(d) | 15 20.3 19.3 | 9.9 2.05 1.95 
Intestinal (a) 24.8 50.8 + 1.1) | | 
mucosa | +3.8 | | | 
| (b) | | 27.6 48.1408 | 
| | | 2.2 | | 
Oi 22: ws 
(d) | 15 | 34.3 48.3 
Spleen (a) | 91.6 38.1 + 1.6 
|  +0.8 | 
(b) «89.8 40.0 + 0.8 
! +5.3 | | 
5 98.2 | 
“| 10 | 68.8 40.2 | 
87.8 (41.3 | 
15 | 105.2 [44.8 | | 
Sarcoma | zz | 7.9 (43.6 +4 1.8 | | 
| | +2.0 | | 
10 | 2.7 346+0.8 
+0.9 | 
| | 15 29.0 38.14 1.1 


* The following designations are employed: (a), controls; (6), hepatectomized 
controls; (c), tumor-bearing; (d), hepatectomized tumor-bearing. The values for 
the controls are averages for three groups killed on the same days the tumor-bearing 
mice were. In the case of the hepatectomized controls, the average is for two 
groups, killed on the same day that the hepatectomized tumor-bearing mice were. 
+ The deviations have the same significance as in Table I. 
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are summarized in Table II. Again, in agreement with our previous find- 
ings (1-4), in the kidney of the sarcoma-bearing mouse RNA remains con- 
stant, while DNA increases progressively. The data for the intestinal 
mucosa and for the spleen show a slight increase in DNA in the former, and 
relatively no change in the latter. The DNA:K ratio increases in lung 
and kidney, while RNA:K ratio tends to be constant. 

In general, the effect of the two partial hepatectomies on the nucleic 
acid content of the tissues of normal and of tumor-bearing mice was found 
to be negligible, except for an effect on the lung, which caused a rise in the 
DNA level in the tumor-bearing animals. It is worthy of note that pre- 
vious work in this laboratory (7) had shown that there were no significant 
changes in the nucleic acids of the kidney, lung, and spleen of rats during 
liver regeneration. 

If the ratios RNA:DNA for the liver, kidney, intestinal mucosa, and 
sarcoma are calculated, it is seen that these drop with the growth of the 
sarcoma. The changes in the purines (not included in Tables I and II) 
are intermediate between the changes in RNA and DNA. 


SUMMARY 


Deoxyribonucleic acid, ribonucleic acid, guanine, adenine, and potassium 
were determined in various tissues of Swiss mice bearing sarcoma 8-180 
(Crocker). The data indicate that there is an increase in the DNA level 
of the liver, kidney, and intestinal mucosa; the values for the spleen remain 
relatively constant. The ratio DNA:K increases progressively with the 
development of the sarcoma in the liver, kidney, and lung. In contrast, 
the ratio RNA?:K in these tissues tends to remain constant. The changes 
in the liver were followed by analysis of surgically removed lobes of this 
organ. Since this permits consecutive determinations on tissue from the 
same group of tumor-bearing animals, the effect of biological variation on 
the results is minimized. 


Our thanks are due to Dr. K. Sugiura of the Sloan-Kettering Institute 
for Cancer Research, New York, for the original Crocker sarcoma. 
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DERIVATIVE OF METHIONINE 
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(From the Department of Chemistry and the College Agricultural Experiment Station, 
University of Georgia, Athens, Georgia, and the Biochemical Institute 
and the Department of Chemistry, The University of Texas, and 
the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, June 4, 1954) 


Previous studies have shown that the dimethylsulfonium derivative of 
methionine replaces methionine for the growth of rats on a methionine- 
deficient diet (1) and serves as a methy! donor in the biosynthesis of creatine 
in rat liver slices (2) but not in rat liver homogenates (3). The sulfonium 
derivative is equivalent to methionine as a sole source of sulfur for Proteus 
(4) and is metabolized by certain fungi with the formation of dimethyl 
sulfide (5). 

The recent isolation of the methylsulfonium salt of methionine from cab- 
bage and the demonstration of its wide distribution in other plant extracts 
have renewed interest in its biological activity, particularly since the com- 
pound was found to be 3 times as active as methionine in reversing the 
toxicity of sulfanilamide for the test strain of Escherichia coli (6). 

In the present investigation, details of the activity of the sulfonium salts 
in a variety of microbiological tests have been studied. 


Methods 


Organisms—Sulfonamide-resistant, methionineless mutants M and S8-14- 
21 were obtained from wild type FE. coli (Texas) by the procedure of Kohn 
and Harris (7) and were selected in the presence of methionine and methio- 
nine methylsulfonium iodide, respectively. /. coli 113-3 is a vitamin 
By-methionineless mutant derived from the parent strain W (ATCC 9637)! 
by ultraviolet irradiation (8). 

Neurospora crassa mutants’? 36104 (cystathionineless) and H98 (homo- 
cysteineless) have been described previously (9). Mutant UT156 (thio- 


* Eli Lilly and Company Predoctoral Research Fellow, 1952-53. 

' We are indebted to Dr. W. K. Maas for the culture of FE. coli W and to Dr. B. D. 
Davis for mutant 113-3. 

? Mutants UT112, UT122, and UT156 were obtained with the collaboration of A. 
G. DeBusk and J. M. Weaver. We are indebted to Dr. R. P. Wagner for the use of 
facilities in the Genetics Laboratories, The University of Texas, to obtain these 
mutants and for cultures of the other methionineless mutants. 
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sulfateless) and methionineless mutants UT20, UT27, UT70, UT112, and 
UT122 were obtained by ultraviolet irradiation by the method of Lein, 
Mitchell, and Houlahan (10). Genetie studies show that each of the 
methionineless mutants of Neurospora differs from the wild type by a single 
gene mutation.* Nutritional and heterocaryonic data (11) obtained on the 
methionineless mutants indicate that they are non-allelic.* UT27 produces 
maximal growth on a minimal medium in 7 to 9 days, although it is entirely 
methionine-dependent in 72 hour growth periods. 

Lactobacillus arabinosus 17-5 (8014), Leuconostoc mesenteroides P-60 
(8042), Streptococcus faecalis R (8043), and Lactobacillus casei (7469) were 
obtained from the American Type Culture Collection. 

Assays—Assays of sulfanilamide inhibition with 2. coli (Texas) were 
carried out as described previously (6, 12). For EF. coli W (and certain 
other wild type LF. coli strains tested) the medium used for F. coli (Texas) 
failed to allow methionine reversal of sulfanilamide inhibition unless the 
medium was supplemented with L-histidine and glycine (100 y each per 
10 ml. of medium). Mutant strains of 2. coli were tested in a salts-glucose 
medium (13) supplemented as described in the text. Lactic acid bacteria 
were tested in a medium previously described for the assay of methionine 
(14). All bacterial incubations were carried out at 37°, and growth re- 
sponses were determined by measuring turbidity or acid production during 
growth. 

Neurospora mutants were tested as described earlier (15) except that 
the mutants were grown in 125 ml. flasks. Comparative responses to the 
sulfonium compound and to methionine were determined from the weights 
of mycelium pads. 

Since the sulfonium derivatives of methionine are heat-labile, all sul- 
fonium derivatives were sterilized by filtration and added to the autoclaved 
medium for assay 

Materials—The methylsulfonium iodide of methionine was prepared by 
the method of Toennies and Kolb (16). Since the chloride and bromide, 
prepared by passing an aqueous solution of iodide through a column of 
IRA-400 in the desired halide form, and the dipolar ion, prepared by treat- 
ment of the iodide with an aqueous suspension of silver oxide, produced no 
variation in biological activity from that of the iodide, the iodide salt of the 
methylsulfonium derivative of methionine was used in this work because of 
its ease of preparation. The authors are indebted to Dr. R. G. Jones of 
Eli Lilly and Company for preparations of L- and pi-methionine methyl- 
sulfonium chloride. 

Ethionine ethylsulfonium iodide was prepared by a modification of the 

* McRorie, R. A., unpublished data. 

* McRorie, R. A., and Shive, W., unpublished data. 
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procedure for the preparation of the methylsulfonium derivative of methio- 
nine. Ethionine (5 gm., 0.031 mole) was dissolved in 40 ml. of 88 per cent 
formic acid and 40 ml. of glacial acetic acid. Ethyl iodide (19 gm., 0.12 
mole) was added to this solution, and the reaction mixture was allowed to 
stand at room temperature in the dark for 1 month. The resulting deep 
red solution was concentrated in vacuo to a viscous syrup which, on treat- 
ment with a solution of 50 ml. of ethanol and 100 ml. of acetone, yielded on 
cooling a total of 2.35 gm. of unchanged ethionine. The filtrate was evap- 
orated to dryness, and the residue was crystallized from acetone-water to 
yield 1.85 gm. (36 per cent yield) of ethionine ethylsulfonium iodide, 
which turns brown at 152-153° and melts at 164-166° (decomposition). 


CsHyO:NSI. Calculated, N 4.39, 1 39.71; found, N 4.70, 1 39.40 


The Ry» value of the sulfonium derivative in 65 per cent pyridine is 0.50 
as determined by the ninhydrin reaction, which gives a brown color turning 
purple overnight. 

Methionine ethylsulfonium iodide was prepared by methylation of ethio- 
nine or ethylation of methionine in a similar manner. The former pro- 
cedure resulted in higher yields and eliminated the possibility of inter- 
ference by contaminating methionine. 

Commercial and synthetic (17) preparations of dimethy]-3-propiothetin 
were used, 


RESULTS AND DISCUSSION 


A comparison of the growth responses of various strains of EF. coli to 
methionine and methionine methylsulfonium iodide is presented in Table I. 
For the Texas strain and all mutants derived from it, the sulfonium salt is 
3 to 7 times as active as methionine, depending on the assay conditions 
employed. The activity of the sulfonium derivative relative to methio- 
nine is greater when the more severe restriction is imposed on the transfer 
of single carbon units, as shown by a comparison of the responses of LZ. coli 
M in the presence and absence of sulfanilamide. Since methionine is an 
essential cell constituent, the sulfonium salt can apparently be converted 
to methionine by these organisms. In addition, the sulfonium salt per se 
must exert a separate function, since the complete transfer of the second 
methy! group to homocysteine could account only for a 2-fold advantage 
in molar activity for the sulfonium salt. 

Mutant 113-3, which requires either methionine or vitamin By for 
growth, appears to lack the ability to convert the sulfonium derivative to 
methionine (Table I). This inability to utilize the sulfonium salt is ap- 
parently not the result of the methionineless mutation in the organism, since 
the parent strain W also fails to respond in the sulfonamide assay. Ap- 
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parently £. coli W has a natural biochemical block, preventing utilization 
of the sulfonium derivative, which is passed on to mutant 113-3 and does 
not occur in the Texas strain. This difference may involve a relationship 
between the sulfonamide resistance mechanism and the ability to utilize 
the dimethylsulfonium derivative of methionine, since no sulfonamide- 
resistant variants of 2. coli W or 113-3 were obtained in three parallel 
experiments which yielded large numbers of resistant variants of FE. coli 


Tasie I 
Growth Response of E. coli to Methionine and Methionine Methylsulfonium Todide 


Galvanometer readings*® 
Additions per 10 ml. medium Strain 
Texast | Mt | Mf? S-14-21t | Wt | 113-3 
mpmoles | 
None 3 0 3 
pL-Methionine | 
10 9 | 17 6 10 2 9 
30 6 | 19 32 | 4 
70 33 86 360 8 14 
100 35 | 43 39 47 11 16 
200 37 | 43 38 23 24 
500 37 38 41 
pi-Methionine methyl- | 
sulfonium iodide 
3 18 20 6 10 0 3 
10 26 34 25 22 0 4 
30 35 43 48 | 47 0 3 
70 39 44 49 56 ae 4 
100 40 45 55 


* A measure of culture turbidity; distilled water reads 0, an opaque object 100. 
t Reversal of sulfonamide toxicity; test organism incubated 18 hours. 
t Growth in a salts-glucose medium; test organism incubated 18 hours. 


Texas. Another difference in these strains is indicated by the reported 
response of EF. coli 113-3 to a combination of dimethy]-8-propiothetin and 
homocysteine (18), compounds which are completely ineffective in promot- 
ing growth of the mutants of /&. coli Texas or in reversing sulfonamide 
toxicity for the corresponding wild strain. 

The réle of the methylsulfonium derivative of methionine in the metab- 
olism of F. coli Texas was further investigated by the synthesis and testing 
of some of its analogues. The methylethylsulfonium salt supported partial 
growth of mutants 8-14-21 and M, but had no inhibitory activity or growth 
activity in the other assays. The growth stimulation was only about 20 
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per cent of that of methionine, and the compound was ineffective in support- 
ing more than half maximal growth. Ethionine also supported partial 
growth of these mutants, suggesting that the analogue is incorporated into 
proteins as was previously found for rats (19). The ethylsulfonium deriv- 
ative of ethionine competitively inhibits the utilization of the methyl- 


Taste Il 


Reversal of Toxicity of Ethionine Ethylsulfonium lodide by Methionine and Methionine 
Methylsulfonium Iodide 


Galvanometer readings*® 


pt-Ethionine ethylsulfonium 


iodide added per 10 ml. medium pL- Methionine 
300 26 29 37 38 37 
700 24 > + @ 37 39 
1,000 26 a 33 40 
3,000 21 6 | 39 34 37 
7,000 11 | @ 28 26 
10,000 2 4 3 1 2 
Methionine iodide 
| 10 ¥ | ¥ | 70 ¥ | 100 | 300 ¥ 
100 29 40 40 
300 2 13 | 27 3% 41 
700 a 5 23 34 | #38 40 
1,000 | 2 | 8 26 35 39 
3,000 | fe 15 25 37 
7,000 | | 3 16 | 35 
10,000 | | | 2 26 
30 ,000 | | 6 
Inhibition index...... 100 100 ——té«<2I20 100 100 100 Ca. 


* Test organism, E. coli Texas, incubated 18 hours in gulfanilamide assay modium. 


sulfonium derivative of methionine as a sulfonamide-reversing agent for 
E. coli Texas (see Table 11). Methionine prevents the toxicity of the an- 
alogue in the non-competitive manner of a product of an inhibited enzyme 
system, but does not at any concentration prevent the toxicity of high 
concentrations (1 mg. per ml.) of the inhibitor which can be prevented by 
appropriate concentrations of the methylsulfonium derivative. This offers 
additional evidence for a separate function of the sulfonium salt other than 
its conversion to methionine. 
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Methionine exerts a sparing effect on the quantity of the sulfonium salt 
required for growth, as illustrated in Table III, and the 5-fold advantage 
in molar activity of the sulfonium salt to methionine is reduced to 3-fold 
in the presence of a mixture of compounds known to be involved in l-carbon 
unit metabolism, indicating that the dimethylsulfonium compound derives 
a portion of its additional activity by furnishing or transferring single 


Taste Ill 


Effects of Methionine and Related Compounds on Response of E. coli S-14-21 
to Methionine Methylsulfonium Salts 


Galvanometer readings® 


Methionine Methionine 
methyl- 

0 mumole 14 mumole 40 mpmole 100 mymole 


| | 
— | — Medium A Medium B Medium A Medium B Medium A| Medium B 


mymoles | | | 
9 16 | 25 34 44 
3 | 19 | 31 46 48 
5 | 12 2 | 21 a | 2 | @ 48 | 49 
29 a 37 | 47 44 488 | 
20 | 43 38 | 
25 | 43 44 | | 48 
32 44 51 416 51 17 16 
40 | 47 49 48 50 | ss | 49 
50 | 4 | 48 | 49 | 
100 49 49 488 | 49 | 


— 


* Test organism incubated 18 hours at 37°. 

t Salts-glucose medium. 

t Salts-glucose medium supplemented with 100 7 each of xanthine, p1i-serine, 
L-histidine, glycine, thymine, choline, and dimethyl-8-propiothetin, 10 y of p-amino- 
benzoic acid, 3 y of folic and folinic acids, and 1.5 mugm. of vitamin By. 


carbon units to other systems. Other cases of a specific methionine require- 
ment in single carbon unit transfer have been noted previously. Methio- 
nine is the preferential methyl donor in creatine biosynthesis in mammals 
(2) and in the methylation of nicotinamide (20), presumably by prior 
formation of the methyladenosylsulfonium derivative (21). The single 
carbon unit compounds were inactive in promoting growth when tested 
singly or in combination. 

The relative abilities of a series of “methionineless’’ mutants of N. crassa 
to utilize the dimethylsulfonium salt for growth are presented in Table IV. 
The activity of the sulfonium salt varied from 0 to 95 per cent of the 
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activity of methionine, but no apparent correlation existed between the 
activity of the dimethylsulfonium salt and the position of the biochemical 
block in methionine biosynthesis. It is not surprising that none of these 
mutants showed a greater response to the sulfonium salt than methionine, 
since a mutation to a specific requirement for the sulfonium salt would be 
lethal in the selection procedure unless the complete medium were sterilized 
by filtration. 

Variations in the ability to utilize the dimethylsulfonium salt as a sub- 
stitute for methionine were also noted for the lactic acid bacteria tested 
(Fig. 1). L. arabinosus and L. casei gave a 2- to 3-fold greater response to 
the sulfonium salt at levels which were suboptimal for growth, but the ex- 


Tasie IV 
Response of Neurospora Mutants to Methionine Methylsulfonium Iodide 


Per cent activity of 


Mutant strain*® 
UT156 (thiosulfateless) ............... 15 
UT20 (methionineless) ...... 15 
UT27 (methionineless-Leaky) |. 75 
UT70 (methionineless) . 50 


* Incubated 72 hours at 27° in 15 ml. of medium. 
t Delayed response after 6 days incubation. 


tent of growth at optimal concentrations was no greater with the sulfonium 
salt, as was the case for EF. coli. No response to the sulfonium salt was 
noted for S. faecalis and L. mesenteroides. 

A proposed biochemical scheme which accounts for the observed activity 
of the dimethylsulfonium salt in the systems studied is presented in Fig. 2. 
Under conditions of sulfonamide bacteriostasis, the dimethylsulfonium salt 
of methionine apparently can serve as a precursor of methionine and as a 
methyl donor and can furnish a single carbon unit to the general metabolic 
pool. Some organisms, e.g., BE. coli Texas, L. arabinosus, and L. casei, 
can apparently carry out Steps A and B very efficiently, while others, e.g., 
“methionineless’’ Neurospora mutants, can perform Step A, but the ability 
to carry out Step B is greatly reduced. LE. coli W, E. coli 113-3, L. mesen- 
teroides, and S. faecalis apparently do not possess an active system for 
performing Step B. 

Purified S-adenosylmethionine (22) was not available for comparison 
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with the dimethylsulfonium salt in the test systems. A crude preparation 
obtained enzymatically from pig liver (23) and chromatographed on paper 
to separate it from methionine showed activity in some of the systems in 
which the dimethylsulfonium salt was active when tested by the bio- 


20 30 40 SO 60 

Fic. 1. Response of lactic acid bacteria to methionine and methionine methyl- 
sulfonium salts. J, S. faecalis R (incubated 24 hours); 1], L. mesenteroides PO (in- 
cubated 24 hours); J/7. L. arabinosus 17-5 (incubated 18 hours); 7V, L. casei (ineu 
bated 18 hours). Methionine, @; methionine methylsulfonium salts, O. 


SINGLE CARBON UNIT 
SULFANIL AMIDE PROTEINS 
HOOC-CH(NH,)-CH-CH-SH HOOC-CHINH, )-CH-CH:S-CH; 


S-ADENOSYL METHIONINE 


S-METHYL METHIONINE 


METHYLATION SINGLE CARBON 
REACTIONS UNIT POOL 


Fic. 2. Interrelationships of methionine sulfonium derivatives 


autograph technique, suggesting a possible interconversion between the 
two compounds. 


SUMMARY 


The methylsulfonium derivative of methionine is more effective than 
methionine in reversing the toxicity of sulfanilamide and in promoting the 
growth of certain strains of Escherichia coli, Lactobacillus arabinosus, and 
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Lactobacillus casei. Streptococcus faecalis R, Leuconostoc mesenteroides P-60, 
and some strains of FE. coli do not utilize the sulfonium derivative, while 
mutant strains of Neurospora have varying abilities to utilize the derivative 
in lieu of methionine. The ethylsulfonium derivative of ethionine prevents 
competitively the formation of methionine from its methylsulfonium deriva- 
tive in £. coli. The enhanced activity of the methylsulfonium deriva- 
tive of methionine is more pronounced under conditions of restricted single 
carbon unit metabolism and is only partially accounted for by compounds 
known to be involved in single carbon unit metabolism. 
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ACETYLATION OF SULFONAMIDES IN THE DOG 


By E. K. MARSHALL, Jr. 


(From the Department of Pharmacology and Experimental Therapeutics, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, June 23, 1954) 


In their first investigation on the pharmacology of sulfanilamide, Mar- 
shall, Cutting, and Emerson (1, 2) found that this substance was partly 
excreted as a conjugated compound in man and the rabbit, but not in the 
dog. In view of the fact that previous investigations had shown that man 
and the rabbit can acetylate arylamines, while the dog cannot (3, 4), the 
conjugate was suspected to be the acetyl derivative of sulfanilamide. This 
was proved by isolation and identification of the conjugate. It was sub- 
sequently shown that the fish, chicken, mouse, rat, guinea pig, cat, pig, 
cow, horse, and monkey could conjugate (presumably acetylate) sulfanila- 
mide (5), thus leaving the dog as a unique example of a species unable to 
do so. Litchfield (6) found that the frog resembles the dog in not being 
able to acetylate this substance, but Failey, Anderson, Henderson, and 
Chen (7) report that the spadefoot toad, the nebulous toad, and the tree- 
frog can conjugate sulfonamides, while the leopard-frog, bullfrog, and tur- 
tle do not conjugate these drugs. 

Only recently has the paper by Krebs, Sykes, and Bartley (8) come to 
our attention. These authors state that sulfonamides are acetylated in 
the dog as in other animals: the difference between the dog and other ani- 
mals is purely a quantitative and not a qualitative one. Only one ex- 
periment is reported to prove that acetylation can occur in the dog; data 
are given on a 1.19 kilo dog injected with sulfamethazine. A review of our 
old laboratory note-books indicated that we were unable to detect any 
acetylation of sulfanilamide in either the blood or urine of dogs given doses 
of the drug varying from 50 to 1000 mg. per kilo. Recent studies of acety- 
lating mechanisms renew interest in the ability of the dog to acetylate 
sulfonamides. Consequently, we have reinvestigated the possible acetyla- 
tion of sulfamethazine as compared to sulfanilamide in the dog.' 


Methods 


Four adult female dogs and two male puppies about 2 months old were 
used in these experiments. Sulfanilamide and sulfamethazine were dis- 


! We wish to thank Dr. K. K. Chen of Eli Lilly and Company for the sulfanilamide 
and Dr. John T. Litchfield of the American Cyanamid Company for the sulfametha- 
zine used in this investigation. 
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solved with the aid of alkali and given by mouth (20 ml. of water per kilo) 
in a dosage of either 100 or 200 mg. per kilo. Examination for conjugation 
was made in samples of urine taken at various times after administration 
of the drugs and in two experiments in plasma samples. The method of 
Bratton and Marshall (9) was used for determination of free and total 
sulfonamide, Urine samples and plasma filtrates were appropriately di- 
luted, the final dilution being approximately 0.1 N with respect to hydro- 
chloric acid whether free or total drug was being determined. A Beckman 
spectrophotometer (model B) was used to determine the intensities of the 


I 
Excretion of Sulfonamides in Urine of Dogs 


| Mg. excreted in urine 
Dog* Time after drug | Sulfanilamide | Sulfamethazine 
| Free Total Free Total 
hrs. | | 

Gretchen, 12 kilos 2 97 97 64 64 
4 72 72 52 52 

6 S84 83 660 652 

Tana, 17 kilos 2 172 172 2 2 
4 200 19S 116 114 

6 SOS SOS V2 92 

Spot, 22 kilos 2 286 286 63 63 
4 — 412 410 120 121 

6 | 396 394 140 141 

Muffy, 19.4 kilos 2 680 675 229 230 
4 488 | 484 122 123 

6 282 | 282 142 142 


* Gretchen and Tana received 100 mg. per kilo; Spot and Muffy, 200 mg. per kilo. 


‘final colored solutions. By the addition of varying amounts of the acetyl 
derivatives to the sulfonamides, it was found that 1 per cent of acetyl de- 
rivative could be detected with certainty. 

With a solution of sulfanilamide an identical intensity of color is obtained 
whether it contains hydrochloric acid or trichloroacetic acid with or with- 
out sodium chloride. However, in the case of sulfamethazine the intens- 
ities of the colors obtained by the above procedures are different, the least 
intensity being seen with trichloroacetic acid. Here, also, results tend to 
be erratic. 


Results 


The results of eight experiments on four dogs are presented in Table I, 
and those of four experiments on two puppies in Table II. The data give 
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absolutely no indication that either sulfanilamide or sulfamethazine is 
excreted in conjugated form in the urine after administration to the dog, 

A possibility exists that the sulfonamide may be present in blood partly 
as the acetylated compound and is completely deacetylated in passage 
through the kidney. Many determinations of free and total sulfanilamide 


Il 
Excretion of Sulfonamides in Urine of Puppies 
The results are in mg. of sulfonamide excreted in the urine. 


Puppy I,t 3.1 kilos | Puppy II, 3.4 kilos 
Period No.* Sulfanilamide Sulfamethasine Sulfanilamide | Sulfamethazine 
“Fre | Total | Free | Tots) | Free | Total | Fre | Total 
12.2 | 12.2 | 2.2 | 2.1 | 21.3 | 21.4 8.2 8.2 
2 «39.6 | 39.6 | 19.5 | 19.4 | 67.0 | 66.5 | 23.1 | 23.0 
3 —«83.6 | 33.0 | 26.1 2.1 | 3.2 3.2 | 21.8 | 22.0 
4 18.2 7.7 7.7 | 41.6 | 41.5 


* The periods of urine collection varied; the total time of each experiment was 
5 to 6 hours. 
t In each experiment, 100 mg. per kilo of sulfonamide were given. 


III 
Sulfamethazine in Plasma of Dogs 
The results are in mg. per cent of sulfamethazine in plasma. 


Spot* Muffy* 

Time after drug 
| Free | Total Free Total 

I | 19.2 | 19.2 | 16.0 15.8 
3 | 19.4 | 19.4 | 16.2 | 16.2 
5 19.5 | 19.5 : 15.7 15.5 
7 14.8 | 14.7 | 26 | 12.5 


* Each dog received 100 mg. per kilo of drug. 


in dog blood made 18 years ago never indicated the presence of any con- 
jugated compound. To rule out this possibility with sulfamethazine, two 
experiments were performed. The data are presented in Table III and 
show clearly that no conjugated derivative of sulfamethazine can be de- 
tected in blood. 


DISCUSSION 


Although it is possible that the difference between the dog and other 
mammals in the acetylation of sulfonamides is quantitative and not qual- 
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itative, the data reported in this paper completely confirm our previous 
conclusion that acetylation cannot be detected in the dog with methods 
available at present. That the dog as well as the mouse and rabbit can 
hydrolyze acetylated sulfonamides was shown in one of our early publica- 
tions on sulfanilamide (10). We are in complete agreement with Krebs 
et al. on this point. However, we are in disagreement with these workers 
on the behavior of sulfamethazine in the dog: we can detect no conjugated 
compound in urine, whereas Krebs et al. found in one sample of urine as 
much as 18 per cent of the drug to be conjugated. 

The explanation of this marked difference between the results of the two 
groups of workers is not clear. It is not due, as we at first thought, to a 
difference in behavior of different sulfonamides, since we find no difference 
between sulfanilamide and sulfamethazine. The single dog used by Krebs 
et al. was apparently a puppy, but our two puppies have failed to conjugate 
sulfonamides. The dog used in the experiment of Krebs et al. may have 
been of some peculiar breed with metabolic behavior different from that 
of other dogs. In this connection, we can state that many years ago we 
tested the ability of the Dalmatian coach hound to acetylate sulfanilamide, 
because its metabolism of uric acid resembles that of man more than of the 
dog. No conjugation could be detected. In view of the behavior of sul- 
famethazine in regard to intensity of color when diazotized and coupled 
in trichloroacetic acid, hydrochloric acid, and trichloroacetic acid contain- 
ing sodium chloride, it is possible that the conjugation found by Krebs 
et al. was an artifact. 


SUMMARY 


Reexamination of acetylation of sulfanilamide and sulfamethazine in the 
dog failed to confirm the claim of Krebs, Sykes, and Bartley that the dog 
can acetylate sulfonamides, like other mammals. No conjugation of these 
drugs can be detected by present methods. Until proved otherwise, it can 
be concluded that the dog does not acetylate sulfonamides. 


I wish to thank Dr. K. C. Blanchard for preparing the acetyl derivatives, 
Dr. A. H. Owens, Jr., for assistance with the experiments, and Sara Ann 
Verplanck for technical assistance with the analyses. 
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THE PURINE AND PYRIMIDINE COMPOSITION OF THE 
TOBACCO MOSAIC VIRUS AND THE HOLMES 
MASKED STRAIN* 


By WILLIAM D. COOPERT ann HUBERT S. LORING 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
Stanford, California) 


(Received for publication, June 22, 1954) 


In recent publications, Markham and Smith (1) and Knight (2) have 
reported significantly different values for the molar proportions of the 
purine and pyrimidine bases occurring in tobacco mosaic virus nucleic acid. 
Slightly different procedures were employed for the preparation of the 
nucleic acid samples, but the hydrolytic and chromatographic methods 
used were essentially the same. It seems unlikely that the observed dif- 
ferences were introduced by the procedures used for the isolation of the 
nucleic acid, because of further results obtained by Knight on nucleic 
acids prepared from five strains generally considered to be related to to- 
bacco mosaic virus and because of analyses made directly on the intact 
virus nucleoproteins. When the latter were analyzed directly, the values 
found for the molar ratios of the bases differed only slightly from the cor- 
responding ones for the isolated nucleic acids and were not considered sig- 
nificantly different. The analyses of the isolated nucleic acids of the six 
strains gave almost identical results which, within experimental error, were 
also in agreement with the values for seven other newly derived strains 
(3). On the basis of these data Knight (2) has suggested that ‘‘the nu- 
cleic acids of TMV strains may have identical compositions.” 

It is not clear from the abovementioned results whether differences occur 
in the composition of the tobacco mosaic virus nucleic acid as the virus is 
produced under differing conditions, or whether the observed differences 
were due to other unknown factors. Because the strains studied by 
Knight were produced in Turkish tobacco plants and the common strain 
in White Burley by Markham and Smith, a possible explanation for the 
differences found is that the ribonucleic acid composition of the same 
virus strain may vary, depending on the host species in which the virus is 
produced. In other publications from this laboratory (4, 5), analytical 
procedures applicable to the direct analyses of nucleoprotein for their 


* Aided by grants from The Rockefeller Foundation and the Associated Women 
of the American Farm Bureau Federation. 

+ The data presented in this paper are taken from a thesis submitted by William 
D. Cooper in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy, Department of Chemistry, Stanford University. 
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purine and pyrimidine components have been presented. In order to 
provide further data with regard to the composition of tobacco mosaic 
virus nucleic acid, it was of interest to compare the results found by the 
latter methods with those mentioned above as well as to relate the purine 
and pyrimidine composition of the virus to phosphorus content. This 
paper presents such data for tobacco mosaic virus, for isolated samples of 
virus nucleic acid prepared by different methods, and for the masked 
strain which has been reported identical in amino acid as well as in nucleic 
acid composition with tobacco mosaic virus itself (2, 6). In addition, the 
distribution of tobacco mosaic virus phosphorus and of ultraviolet-absorb- 
ing components in the acid-soluble, lipide, ribonucleic acid, protein, and 
deoxyribonucleic acid fractions has been determined. 


EXPERIMENTAL 


Virus Preparation—Purified aqueous solutions of tobacco mosaic and 
Holmes masked strain (6) were obtained from diseased Turkish tobacco 
plants! 7 to 12 weeks after inoculation and after at least four and in some 
cases five cycles of centrifugation (7). 

The nitrogen and phosphorus contents of each virus sample were deter- 
mined respectively by micro-Kjeldahl (8) and by colorimetric analyses 
(9), and the nitrogen to phosphorus ratios calculated. The values found 
ranged from 31.4 to 33.5, with an average of 32.4 for eight preparations in 
comparison with the mean of 31.9 found by Best (10) for ten samples. In 
some instances, virus solutions were lyophilized and nitrogen and phos- 
phorus contents determined on the dry powders. The average values 
found for three preparations were 14.9 per cent N (14.8 to 15.1) and 0.47 
per cent P (0.46 to 0.48). 

Examination of Purified Virus for Acid-Soluble and Lipide Components, 
and Preparation of Dried Virus Samples—The procedure employed varied 
slightly, depending on whether a purified virus solution or lyophilized 
virus was used. In the former instances, 20 to 30 ml. of approximately 
1.2 per cent virus solution were treated at 0° with one-fourth volume of 
50 per cent trichloroacetic acid (TCA). When lyophilized virus was used, 
approximately the same quantity of virus was suspended in 10 ml. of 10 
per cent trichloroacetic acid at 0°. After standing for 15 minutes, the 
denatured nucleoprotein (TCA nucleoprotein) in each case was separated 
by centrifugation. The residue was washed successively in the centrifuge 


1 The original inoculum of tobacco mosaic virus was obtained from The Rocke- 
feller Institute for Medical Research, Princeton, New Jersey. In the case of the 
masked strain, one batch of virus was prepared from plants infected by an inoculum 
supplied by Dr. C. A. Knight, University of California, Berkeley, California, while 
the other was produced from an inoculum furnished by Dr. L. O. Kunkel, The 
Rockefeller Institute for Medical Research, New York. 
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once with 3 ml. of ice-cold 10 per cent trichloroacetic acid, twice with 5 
ml. portions of cold 95 per cent alcohol, three times with 5 ml. portions of 
a boiling 3:1 alcohol-ether mixture, and finally with ether. The resulting 
air-dried powder was used in the subsequent analysis for its purine, py- 
rimidine, and phosphorus components. 

All the abovementioned extracts were saved. By using suitable reagent 
blanks, the trichloroacetic acid extracts were examined for ultraviolet- 
absorbing substances and for their phosphorus content. The alcohol and 
alcohol-ether extracts were taken to dryness. The residues were dissolved 
in alkali and the resulting solutions analyzed for total phosphorus and 
examined at pH 2 for ultraviolet absorption at 260 mu. The total optical 
density of the combined extracts, in most experiments, amounted to about 
2 per cent of that calculated as nucleic acid from the phosphorus content 
of the virus sample used. As the phosphorus content of the combined 
extracts was of the same order of magnitude, the losses during extraction 
apparently represented small amounts of either nucleic acid or of one of 
its nucleotide components. These results, in agreement with previously 
published work (11), indicate that only minute quantities of acid-soluble 
or lipide constituents, if any, are present in the virus. 

Phosphorus Partition after Alkali Treatment—Previous attempts to 
detect the presence of deoxyribonucleic acid (DNA) in samples of purified 
tobacco mosaic virus have been limited to relatively unprecise colorimetric 
procedures (12) and to a biological test, the importance of which has not 
yet been extensively evaluated.(13). It was of interest to determine 
whether the presence of DNA could be detected after removal of ribonu- 
cleic acid (RNA), as accomplished in the Schmidt-Thannhauser procedure 
(14). The dried virus sample (50 to 100 mg.) was dissolved in 2.2 ml. of 
1 n KOH for alkaline hydrolysis, and the solution, after standing for 24 
hours at room temperature, treated with 0.4 ml. of 6 N H.SO, and 0.25 ml. 
of 50 per cent trichloroacetic acid at 0°. The precipitate was washed in 
the centrifuge three times with 1 ml. portions of cold 1 nN H.SO,-5 per cent 
trichlorvacetic acid solution and the washings were combined with the 
ribonucieotide fraction. Approximately 85 per cent of the virus phos- 
phorus was found in this fraction and about 12 per cent in the residue 
precipitated by trichloroacetic acid. It could be shown readily, however, 
that the phosphorus present in the residue was also largely ribonucleotide 
phosphorus, as it became soluble for the most part when the precipitate 
was redissolved in 1.8 ml. of 1 Nn KOH, was reprecipitated, and washed 
once as mentioned above. Analyses of the second protein trichloroacetic 
acid residue, however, still showed the presence of from 1 to 2 per cent of 
the original virus phosphorus. These data indicate that appreciable error 
in the RNA-DNA distribution may result when the Schmidt-Thannhauser 
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procedure is applied to nucleoproteins unless the losses of ribonucleotides 
due to absorption by protein are minimized by solution and reprecipitation 
of the protein-DNA residue. The latter procedure was used for all the 
analyses presented below. 

Distribution of Purine and Pyrimidine Components in Ribonucleotide 
Fractions of Tobacco Mosaic Virus and of Masked Strain—The ribonucleo- 
tide fraction was made 1 n with H,SO, and heated (water bath, 100°) for | 
hour. The resulting hydrolysate was then fractionated into mixtures of 
the purine bases and pyrimidine nucleosides and analyzed as previously 
described (4). The phosphorus content of the ribonucleotide fraction was 
determined for each sample and the values for adenine, guanine, cytidine, 
and uridine were calculated as moles per mole of phosphorus. The results 
of these analyses are recorded in Table I, together with data giving the 
length of time of infection of the plants, the number of cycles of centrifugal 
purification, and the size of the virus samples analyzed for both the tobacco 
mosaic virus and the masked strain. 

The data presented show the extent to which analyses of the same as 
well as of different samples of tobacco mosaic virus may be duplicated by 
the analytical procedures employed. They indicate, in agreement with 
other published data on nitrogen and phosphorus ratios (10), amino acid 
composition (6), and infectivity (15, 16), a high degree of uniformity in 
the virus. The standard deviation in the values for the purine and py- 
rimidine bases of most of the samples is of the order of magnitude of the 
experimental error for duplicate analyses of the same preparation, and the 
differences shown are not considered significant. 

A comparison of the analytical data for the purine and pyrimidine 
composition of tobacco mosaic virus and the Holmes masked strain shows 
that the values are within the experimental error of the method of analysis 
in agreement with the conclusion reached previously by Knight (2). 

Purine and Pyrimidine Composition of Isolated Tobacco Mosaic Virus 
Nucleic Acid—In previous analyses of tobacco mosaic virus nucleic acid, 
the samples were isolated after heat denaturation (1, 2). In the present 
work both the heat denaturation procedure of Markham and Smith (1) 
and the alkali extraction method of Johnson and Harkins (17) were used. 
Samples of virus RNA weighing from 15 to 35 mg. were hydrolyzed in 10 
ml. of 1 Nn H.SO,, and aliquots removed and analyzed for their adenine, 
guanine, cytidine, uridine, and phosphorus content as previously described 
(4, 5). The results of the analyses of virus nucleic acid prepared by the 
two procedures are summarized in Table II. The length of time of the 
infection period, the age of the purified virus sample before it was processed 
for nucleic acid, and the respective vields of nucleic acid phosphorus are 
shown. It may be seen that the nucleic acid isolated by the heat denatura- 
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tion procedure gave relatively consistent values for the purine and pyrim- 
idine components in most of the samples analyzed. A comparison of these 
data with those for the virus protein in Table I shows a high degree of 
uniformity for the composition of the virus nucleic acid, whether the 
analyses were made on the extracted and dried virus or on the nucleic acid 
isolated after heat denaturation. 

The results of the analyses of virus nucleic acid prepared by the method 
of Johnson and Harkins indicate a somewhat greater variation between 
the individual purine and pyrimidine values but are consistent in showing 
a decreased uridine content. These data provide definite evidence that 
the nucleic acid composition of isolated samples may be influenced by the 
preparative procedures employed. In the case of the tobacco mosaic 
virus nucleic acid, a portion of its uridine or uridylic acid is apparently 
labile to the action of alkali. Cohen and Stanley have reported differences 
in the physical properties of the nucleic acid prepared by heat denaturation 
and by alkali treatment (20). 

As given in Table II, the amounts of nucleic acid phosphorus isolated 
by heat denaturation varied from 43 to 93 per cent of the virus phosphorus. 
In two instances in which a low yield was found, the protein residue was 
extracted with 5 ml. of 2 nw KOH at room temperature, and the solution 
neutralized with H,SO,. The protein precipitate was removed by cen- 
trifugation and the supernatant liquid made 1 nN with H.SO,, hydrolyzed, 
and analyzed for its purine and pyrimidine components. As recorded in 
Table II, additional yields of nucleic acid were recovered which were of 
the same purine and pyrimidine composition as that found initially. In 
several instances the protein residues, remaining after heat denaturation 
and alkali extraction, were analyzed further for their purine and pyrimidine 
ribonucleotide components by the same procedure as used for the dried 
virus samples. The amounts of guanine, adenine, cytidine, and uridine 
found corresponded roughly with the phosphorus content of the samples 
analyzed, indicating the ribonucleotide or ribonucleic acid nature of the 
small amounts of phosphorus remaining in these samples. 

As mentioned before and as shown in Table II, considerable variation 
occurred in the yield of nucleic acid phosphorus obtained from different 
virus samples after heat denaturation by the same procedure. With the 
exception of one sample that had been stored for 32 days, the low values 
were found only in the freshly prepared samples. A similar variation in 
the yield of nucleic acid phosphorus was found for samples stored in the 
presence of carbon tetrachloride. These results indicate that chemical 
changes associated with an increased lability of the nucleic acid-protein 
binding occur when the virus is stored in distilled water at refrigerator 


temperatures. 
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DISCUSSION 


In order to compare the present data with those published by Markham 
and Smith (1) and by Knight (2), the average molar proportions of the 


Tas.e Ill 


Comparison of Molar Proportions of Purine and Pyrimidine Bases in Nucleoproteins 
and Nucleic Acids from Strains of Tobacco Mosaic Virus in Different Hosts As 
Found by Different Workers 


| Molar proportions to total 4 “> 
Strain* Host Material analyzed =F 
| Adenine | Guanine Cytosine| Uracil | 3 
TMV Turkish to- Nucleic acid 1.19} 1.01 | 0.74} 1.05 (2) 
bacco Nucleoprotein | 1.12) 1.03 | 0.78 | 1.05 | (2) 
Nucleic acid 1.12) 0.96; 0.80) 1.12] f 
TCA nucleo- 1.11 | 0.97 | 0.79; 1.14 
protein 
White Bur- Nucleic acid 1.24, 1.17 | 0.62) 0.96 | (1) 
| ley tobacco. +0.026 +0.023 +0.021 +0.019 
M Turkish to- | Nucleic acid 1.18 | 1.05; 0.77 | 1.08] (2) 
bacco Nucleoprotein | 1.10) 1.00) 1.10 
TCA nucleo- | 1.10] 0.98| 0.79] 1.13] 
| protein 
Average, 6 Turkish to- | Nucleic acid 1.18 | 1.02|} 0.74) 1.05) (2) 
strains* bacco +0.020 +0 .026 +0.022 +0.025 
Nucleoprotein | 1.12] 0.99| 0.82) 1.07 | (2) 
+0.025 +0.027 +0.024 +0.025 


Average, 2 Nueleie acid 1.11 0.9) 0.80) 1.13 
strains | and TCA +0.022 +0.025 +0.009 +0.025 
| nucleoprotein | | 
Aucuba | Potentate | Nucleic acid 0.95 1.05 | (1) 
tomato 
Tomatomossic| “ “ | “ 1.18 | 1.04) 0.73) 1.05 | (1) 
Rib grass Kawala to- 1.17 1.08) 0.69 1.05) (1) 


bacco | | 
j 


* Standard errors calculated from data of Knight (2) and from data on TCA 
nucleoproteins from TMV and masked strain, M, and from TMV nucleic acid pre- 
pared by heat denaturation. 

t Present paper. 


four bases in the nucleoproteins and nucleic acids of the tobacco mosaic 
virus and the masked strain were calculated to total four, as in the pre- 
vious work. The values found are presented in Table III, together with 
the previous results grouped under the respective host species. While 
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examination of the combined analyses reveals some differences in the 
composition of tobacco mosaic virus nucleic acid as reported by the three 
laboratories, it is also clear that most of the results are in good agreement, 
and the differences probably within experimental error. It may be seen 
from Table III that almost identical results were found in the present 
analyses for the TCA nucleoprotein and the nucleic acid isolated after heat 
denaturation. The agreement between these results and those of Knight 
is also improved if the higher adenine values reported by him are corrected 
for small amounts of cytidine likely to be present in the same area of the 
chromatogram, and if a similar correction is made for the small losses of 
unrecovered cytidine and uridine (21). The results from the two labora- 
tories are thus in close agreement for the composition of tobacco mosaic 
virus nucleic acid when the virus is produced in Turkish tobacco plants. 
The differences between these values and those reported by Markham and 
Smith for the common strain produced in White Burley tobacco are from 
three to five standard errors in several instances and are probably signifi- 
eant. Whether or not such differences are associated with the cultivation 
of the virus in a different host is not clear at present. It should be men- 
tioned, however, as observed previously by Knight (2) and as shown in 
Table III, that similar large differences were not found by Markham and 
Smith for related strains produced in tomato and in Kawala tobacco plants. 

Knight (2) and Black and Knight (3), in studies of a number of strains 
derived from tobacco mosaic virus, found a relatively constant composition 
for the respective nucleic acids, and Knight has suggested that ‘‘the nucleic 
acids of different strains of tobacco mosaic virus may have identical com- 
position.”” The present results on the masked strain are also in agreement 
with such a conclusion. 

The comparison of the purine and pyrimidine values in the present 
analyses with the phosphorus content of the samples has provided a rea- 
sonably good characterization of over 90 per cent of the phosphorus found 
in the tobacco mosaic virus. The small losses of phosphorus in the trichlo- 
roacetic acid and alcohol-ether extracts correspond to the small amounts 
of ribonucleic acid or of nucleotides that could be present based upon 
ultraviolet absorption. Consequently, there is no evidence for significant 
amounts of phospholipide components. The analytical data presented in 
Table I show that the phosphorus found in the alkaline hydrolysate is 
accounted for in terms of its purine and pyrimidine components, thus 
indicating the absence of a phosphoprotein component. The results do 
not eliminate the possibility, mentioned by Hoff-Jorgensen (13), that an 
amount of virus phosphorus corresponding to about 1 per cent of that 
present may be DNA. The recoveries of purine and pyrimidine bases 
in relation to phosphorus in either the TCA virus nucleoprotein or the nucleic 
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acid, as shown in Tables I and II respectively, indicate the polynucleotide 
nature of these relatively native ribonucleic acid preparations. 

Of interest is the uniformity in the results obtained when the analysis 
for the entire TCA virus nucleoprotein shown in Table I is compared with 
the analyses of the various nucleic acid fractions, separated by the heat 
denaturation method and by alkali extraction as recorded in Table II. 
These data indicate a high degree of uniformity in the different ribonucleic 
acid fractions. The significant variation in the yields of nucleic acid 
obtained by the heat denaturation method has not been completely investi- 
gated. While several factors may be responsible, a positive correlation 
was found between the amount of nucleic acid isolated and the length of 
time that the purified virus sample was stored before it was subjected to 
heat denaturation. 


SUMMARY 


Examination of trichloroacetic acid and alcohol-ether extracts of tobacco 

mosaic virus for acid-soluble and phospholipide components has failed to 
reveal the presence of significant amounts of these constituents in the 
virus, 
Analyses for the purine and pyrimidine components of the tobacco 
mosaic and of the Holmes masked strain are presented on a mole base 
per mole phosphorus basis. In agreement with the conclusion reached 
previously by Knight, no significant difference was found between the two 
strains. 

Analyses of the tobacco mosaic virus nucleic acid prepared by heat 
denaturation gave purine and pyrimidine values that were almost identical 
with those found for the trichloroacetic acid and alcohol-ether-extracted 
virus nucleoprotein. These results are in essential agreement with those 
published previously by Knight. The results for virus nucleic acid pre- 
pared by alkali extraction show significantly lower uridylic acid concen- 
trations. 
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THE METABOLISM OF LYSINE IN NEUROSPORA* 


By RICHARD 8. SCHWEET,f JOSEPH T. HOLDEN, anp 
PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of 
Technology, Pasadena, California) 


(Received for publication, June 11, 1954) 


The observation that N'°-labeled ammonia is not incorporated into the 
amino groups of lysine led Weissman and Schoenheimer, in 1941, to suggest 
as one possibility that cyclized derivatives may arise from lysine catab- 
olism (2). This type of product has been indicated in studies of the oxi- 
dative deamination of lysine in vitro by turkey liver (3) and Neurospora 
(4) enzymes. The discovery of pipecolic acid as a naturally occurring 
constituent of plant extracts (5, 6) led to studies of its metabolic origin. 
C-labeled lysine has been shown to be converted to pipecolic acid in plants 
(7, 8) and in animals (9). 

The work reported here is an investigation of this and other catabolic 
reactions of lysine in lysineless strains of Neurospora crassa. The two 
major lysine catabolites, pipecolic acid and an N-substituted derivative 
of a-hydroxy-e-aminocaproic acid, have been isolated. 


Materials and Methods 


Materials—t-Lysine-1-C™ and unlabeled a-aminoadipic acid were pre- 
pared as previously described (10). dl-a-Hydroxy-e-aminocaproic acid 
was synthesized by the method of Fischer and Zemplén (11). Baikiain 
was a gift from Dr. F. E. King, University of Nottingham, and e-hydroxy- 
pL-norleucine was kindly supplied by Dr. H. K. Mitchell, California In- 
stitute of Technology. 

Neurospora Growth Experiments—The N. crassa strains used were 15069 
which grows only if lysine is provided, 4545 which utilizes lysine or e-hy- 
droxynorleucine, and 33933 which utilizes these compounds or a-amino- 
adipic acid for growth (12, 13). Flasks containing 20 ml. of the basal 
medium (14) plus the various levels of the compound being tested were 
inoculated and incubated for 3 to 5 days at 25° and the dry weight of the 


* These studies were supported (in part) by a grapt from the Williams-Waterman 
Fund, a grant-in-aid to Dr. Henry Borsook from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council, 
and by a contract between the Office of Naval Research, Department of the Navy, 
and the California Institute of Technology, Division of Biology (No. NR-102-007). 
A preliminary report of these studies has been presented (1). 

t Part of this work was completed during the tenure of a postdoctoral fellowship 
from the National Institutes of Health, United States Public Health Service. 
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mycelial pad was determined by washing twice with distilled water and 
drying to constant weight at 85°. 

Experiments with Radioactive Lysine—Each flask contained, in addition 
to the 20 ml. of basal medium, 4.0 mg. of radioactive L-lysine with a specific 
activity of 27,000 c.p.m. per mg.' and 6 mg. of unlabeled pi-pipecolic acid 
or DL-a-aminoadipic acid. Strain 4545 was used for experiments with 
pipecolic acid, and strain 33933 for experiments with aminoadipic acid. 
Five or ten flasks were used in each experiment. 

After 5 days growth at 25°, the contents of the flasks were pooled and the 
mycelial pad was filtered and washed twice with distilled water. The 
washings were added to the filtrate and constituted the fraction called 
“medium.” The pad was dried for 18 hours at 105°, yielding a brittle 
mass with an average weight of 70 mg. per flask. This was ground with 
distilled water in a mortar and the fine powder extracted twice with boiling 
water at pH 5.0. The soluble fraction was termed the non-protein nitrogen 
fraction. This was treated with 2 volumes of hot ethanol to insure the 
absence of protein. 

The protein fraction was then hydrolyzed with 6 nN hydrochloric acid for 
24 hours in a sealed tube at 105° (1 ml. of acid per 50 mg. of original dried 
mycelium). Insoluble material was then filtered and discarded since no 
radioactivity was present. The hydrolyzed protein was dried in vacuo 
three times to remove volatile acid. 

Ion Exchange Chromatography—The constituents of the medium and 
non-protein fractions were concentrated separately to 5 ml., adjusted to 
pH 2.0, and placed on a 3.5 X 6.0 em. column of Dowex 50 (hydrogen form) 
which had been washed with distilled water. The column was then washed 
with water until all radioactive material not adsorbed was removed. It 
was then eluted with 2 N ammonia to remove the cationic constituents as a 
group (17). After concentration to dryness to remove ammonia, the cati- 
onic constituents were dissolved in 3 ml. of 1.0 nN hydrochloric acid. Fi- 
nal fractionations were made by chromatography on a 2.5 X 40 ecm. 
Dowex 50 (hydrogen form) column* according to the method of Stein and 


1 All the specific radioactivity measurements have been corrected for self-absorp- 
tion. Weighed samples were spread as a fine powder. When the specific activity 
of the sample was high, 0.2 ml. of solution containing an appropriate number of 
counts was pipetted into a planchet containing a weighed circle of filter paper and, 
after drying, this was counted. The concentration of the compound was deter- 
mined by colorimetric analysi# (15, 16). Empirical self-absorption curves were de- 
termined on standard samples by these two methods. 

2? The column was equilibrated with 1.0 x hydrochloric acid and the strengths of 
the eluting acid (Fig. 1) were modified from the Moore and Stein procedure, because 
better separation of proline and pipecolic acid was obtained. 
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Moore (18). Fractions of 10 ml. were collected at a flow rate of 0.4 ml. 
per minute. From alternate tubes, 0.2 ml. aliquots were analyzed quan- 
titatively with ninhydrin (15). For qualitative location of peaks, 0.05 
ml. aliquots were placed on paper, dried, and sprayed with ninhydrin re- 
agent. For radioactivity determinations, 0.2 ml. aliquots were pipetted 
into copper planchets coated with plastic and dried under heat lamps. Pi- 
pecolic acid was determined quantitatively by a specific ninhydrin method 
(16). 

The fractions not adsorbed on Dowex 50 were concentrated to 5.0 ml., 
adjusted to pH 2.0, and placed on a 2.5 K 40 cm. Dowex | column (hy- 
droxide form) which had been washed with water. Water elution removed 
neutral compounds. Since no radioactivity was found in this fraction, it 
was discarded. The anionic constituents were then eluted with 1 N acetic 
acid and fractions collected and analyzed, as described above for the cati- 
onic compounds. 

Since the protein hydrolysate was salt-free and contained no radioactive 
anionic compounds, the preliminary desalting of the cationic compounds on 
Dowex 50 was omitted. Chromatography of this fraction on Dowex 50 
showed no peak in the pipecolic acid region (Fig. 1). To recheck this point, 
tubes on both sides of proline (Tubes 120 through 180 from the protein 
hydrolysate) were combined and unlabeled pipecolic acid was added. After | 
concentration, the mixture was chromatographed on Dowex 50 once more 
and pipecolic acid was isolated. No radioactivity was found. 

Paper Chromatography—aAscending paper chromatograms were run on 
12 x 12 cm. Whatman No. 1 filter paper. The solvents used were bu- 
tanol-acetic acid-water (11:3:4 by volume), pyridine-water (6.5:3.5 by 
volume), and phenol saturated with water. 

For the separation of glutamic and aminoadipic acids, two-dimensional 
paper chromatography on Whatman No. | filter paper, 18 & 21 inches, was 
used. The solvents used were butanol-acetic acid and pyridine-water, 
respectively. The sheets were equilibrated with the solvent vapor and then 
run for 20 hours in each dimension by the descending technique. Under 
these conditions, the aminoadipic acid migrated more slowly than glutamic 
acid. 

Chromatograms were sprayed with 0.2 per cent ninhydrin in pyridine, 
the isatin reagent of Acher et al. (19), or other sprays as indicated in the 
text. Radioactive compounds were located by counting each 0.5 or 1 cm. 
section of the chromatogram with a thin walled, end window counter. Du- 
plicate, adjacent strips were sprayed with the appropriate color reagent. 
Similar analytical methods were used with paper electrophoresis chro- 
matograms (20). Unless otherwise indicated, these runs were carried out 
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for 3 hours in 0.1 m phosphate buffer, pH 7.0, at 500 volts and 10 to 20 ma. 
of current. 


6000 4 
3000 2 
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18000 
12000 30 
5 
6000 315 
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6000} 
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30. 60 90 120 150 180 20 240 
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Fic. 1. Chromatography of cationic fraction on Dowex 50. The column was 
equilibrated with 1.0 n hydrochloric acid and eluted as shown. The solid lines are 
radioactivity determinations (left ordinate) and the dash lines are pipecolic acid 
concentrations (right ordinate). The cationic fraction was prepared from Neuro- 
spora strain 4545 grown in the presence of C'4-labeled lysine and unlabeled pipecolic 
acid as described in the text. Alanine (Ala) and proline (Pro) were isolated from 
the medium and their location is indicated for orientation. The encircled figures 
indicate the peak numbers. 


Resolution of pu-Pipecolic Acid—pu-Pipecolic acid was synthesized from 
a-picolinic acid (Eastman Kodak Company) by catalytic hydrogenation 
(21). The compound was recrystallized as the hydrochloride from meth- 
anol-acetone. Elementary analyses and chromatography showed the 
compound to be pure. 

500 mg. of unlabeled pL-pipecolic acid hydrochloride plus 10 mg. of radio- 
active compound, isolated from the medium, were combined and freed of 
hydrochloric acid by passage through a 0.9 x 6.0 cm. column of Amberlite 
IR-4B (16). The water eluate was taken to dryness in vacuo, 465 mg. of 
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(+)-tartaric acid were added, and the mixture was dissolved in 5.5 ml. of 
boiling ethanol. Crystals of p-pipecolic acid-(+)-tartrate separated on 
cooling (22). These were filtered after 24 hours in the cold and washed 
with cold ethanol. After one recrystallization from ethanol, 354 mg. of 
crystals (82 per cent of theory) were obtained. ‘The free p-pipecolic acid 
was not prepared. 

The p-pipecolic acid-(+)-tartrate melted at 187° (closed capillary, cor- 
rected). Its specific rotation was [a]? +18.0°, 10 per cent solution in water, 


CyoHizvOgN (279.26). Calculated. C 43.00, H 6.14, N 5.02 
Found. 43.14, 6.21, 5.23 


The supernatant solution and washings of the first crystallization were 
taken to dryness, dissolved in 2 ml. of 0.1 N hydrochloric acid, and freed of 
tartaric and hydrochloric acids by ion exchange as described above. The 
water eluate was dried and L-pipecolic acid hydrochloride was crystallized 
from methanol-acetone. After one recrystallization, 148.5 mg. of crys- 
tals (58 per cent of theory) were obtained. 

The L-pipecolic acid hydrochloride had a specific rotation® of [a]? —8.13° 
(+1°), 5 per cent in water. 


C.eHO2NHCI (164.5). Calculated. C 43.51, H 7.30, N 8.46 
Found. ** 43.73, 7.34, 8.59 


Results 


Isolation of Pipecolic Acid—In experiments in which unlabeled p.-pipe- 
colic acid was added, chromatography of the cationic constituents of the 
non-protein nitrogen fraction of the mycelium (NPN) and of the medium 
revealed four radioactive peaks (Fig. 1). Aliquots from the fractions were 
analyzed for pipecolic acid (16). In Peak 2 (Fig. 1) from the NPN and the 
medium the amount of pipecolic acid in each tube was proportional to the 
radioactivity. The protein hydrolysate showed no radioactive peak in this 
region. Material from Peak 2 of the NPN and medium was chromato- 
graphed on paper with three solvents. The radioactive spot was identified 
as pipecolic acid by its R, (Table I), red fluorescence after ninhydrin spray 
(6), and greenish color with isatin. No other radioactive or ninhydrin- 
reacting compound was found. In other experiments, the radioactive 
compound at this stage was recrystallized with authentic carrier pipecolic 
acid to constant specific activity, thus confirming its identity. 

In these experiments, an aliquot of Peak 2 containing 14,000 c.p.m. was 
combined with 500 mg. of carrier pL-pipecolic acid hydrochloride and re- 
solved as described above. After two crystallizations, the p-pipecolic acid- 


* The sample may contain a small amount of the p isomer (5). It was not purified 
further via the (—)-tartrate because of the small amount of material available. 
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(+)-tartrate had a specific activity of 1.2 c.p.m. per mg., corresponding to 
a total of 306 ¢.p.m. This is 2.2 per cent of the total counts, an amount 
which is not significant. The L-pipecolic acid hydrochloride was crystal- 
lized to a constant specific activity which was between 39.6 and 40.2 
c.p.m. per mg. This corresponds to a total of 10,200 ¢.p.m., which is 73 
per cent of the original counts. 

The finding that only the L isomer is formed from lysine is of interest in 
relation to the postulated precursor of pipecolic acid, A'-dehydropipecolic 
acid (1,23). The optical activity of natural lysine is lost in this compound. 


TaBLe 
Mobilities of Reference Compounds* 


Compound 
Pyridine-water Phenol-water 
| 
e-Hydroxynorleucinef...................-.. | 0.42 | 0.66 0.74 
a-Hydroxy-e-aminocaproic acid............. | 0.42 0.53 0.70 
0.52 0.70 0.95 
5-Aminovaleric acid........................ 0.58 0.48 0.75 
e-Aminocaproic ........... 0.59 0.53 0.81 
0.60 0.74 0.80 
a-Aminocaproic acid. 0.68 0.70 0.80 


* The values are given as Rp. The conditions and solvent compositions are given 
in the text. 

t Separation of this compound and ¢-aminocaproic acid from a-hydroxy-e-amino- 
caproic acid was also accomplished by a propanol-1 per cent ammonia solvent (5:2). 
The respective mobilities were 0.45, 0.44, and 0.36. 


Non-enzymatic hydrogenation of dehydropipecolic acid has yielded pt- 
pipecolic acid (4). If this compound is the intermediate, an asymmetric 
reduction must occur in the enzyme-catalyzed reaction. 

Specific Activity of Lysine and Pipecolic Acid—In order to evaluate the 
importance of pipecolic acid formation in lysine catabolism, the specific 
activities of the isolated compounds were determined. Peak 4 (Fig. 1) 
was the lysine peak in each case. The specific activities of the NPN, me- 
dium, and protein lysine were 23,300, 25,400, and 28,000 c.p.m. per mg., 
respectively. The original lysine had a specific activity of 27,000 c.p.m. 
per mg. and there is therefore no lysine synthesis by this mutant. The 
NPN pipecolic acid had a specific activity of 16,800 c.p.m. per mg.,* while 

* Because of the small amount of radioactivity in this fraction, 1.0 mg. of un- 
labeled pipecolic acid was added just prior to chromatography on Dowex 50. The 
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the specific activity of the pipecolic acid isolated from the medium was 
only 1400 c.p.m. per mg. Since the p-pipecolic acid was not radioactive, 
an estimate of the specific activity of the L isomer of the medium can be 
made if we assume that the p isomer was not taken up appreciably by the 
cells. This is suggested by the high specific activity of the NPN pipecolic 
acid. A total of 33.8 mg. of pipecolic acid containing 48,000 counts was 
recovered from the medium and 30 mg. of p-pipecolic acid were added 
originally. The calculated specific activity for the natural isomer is there- 
fore 48,000 divided by 3.8 or 12,650 c.p.m. per mg., which is reasonably 
close to the value for the NPN fraction. 

Other Cationic Constituents—The substances giving rise to Peak 1 (NPN) 
and Peak 3 (NPN and medium) have not been obtained as pure compounds. 
Peak 3 contained a single radioactive compound which reacted with nin- 
hydrin and was a weak acid. The mobility of this compound was 0.60 to 
0.65 that of glutamic acid at pH 7.0 (paper electrophoresis). It was not 
changed by hydrolyzing with 6 n hydrochloric acid at 105° for 12 hours, 
but there is some evidence that a labile group had been lost during concen- 
tration and removal of the eluting acid. This compound is not a known 
lysine metabolite. Peak 1 has not been studied except to eliminate amino- 
adipic acid as the radioactive constituent. 

Anionic Constituents—The anionic constituents of the medium were 
adsorbed on Dowex 1, as described. Elution with 1 N acetic acid yielded 
a single, symmetrical, radioactive peak which emerged between 250 and 
430 ml. of eluent. The material was dried several times to remove volatile 
acid. The compound had the following properties: (a) It migrated with 
a mobility of 0.85 that of glutamic acid at pH 7.0 (paper electrophoresis) 
and (b) did not give a ninhydrin spot on paper chromatograms, but could 
be located by radioactivity or by spraying with the Rydon and Smith re- 
agent (24). The Ry, in butanol-acetic acid was 0.71, in pyridine-water 
0.75, and in phenol 0.83. (c) After hydrolysis with 6 N hydrochloric acid 
as described for the protein fractions, a-hydroxy-e-aminocaproic acid was 
formed and the original compound disappeared. The a-hydroxy-e-amino- 
caproic acid was identified by chromatography in parallel with the syn- 
thetic product in three solvents. Only a single ninhydrin and radioactive 
spot corresponding to the authentic compound was detected (Table I). 
Paper electrophoresis also showed a single compound which corresponded 
to the known amino acid and moved 0.5 cm. toward the cathode at pH 
7.0. Finally, the material was carrier-recrystallized to constant specific 


actual amount of pipecolic acid then isolated from the column was 1.31 mg., of which 
a minimum of 0.85 mg. (based on control recovery experiments) represents added 
unlabeled pipecolic acid. The total of 7700 c.p.m. was therefore assigned to 0.46 
mg. and is a minimal specific activity. 
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activity with authentic a-hydroxy-e-aminocaproic acid (Table II).  Al- 
most all of the counts in the original compound (before hydrolysis) were 
recovered in the recrystallized material. These properties suggest that 
the original compound is an N-substituted a-hydroxy-e-aminocaproic acid, 
and the experiments provide the first record of the occurrence of this hy- 
droxyamino acid, either free or combined, as a constituent of biological 
material The NPN anionic fraction also contained this compound. The 
free amino acid was not found in any of the cationic fractions. Control 
experiments showed that the free compound was adsorbed on Dowex 50 
and eluted in the alanine region under the conditions used in these experi- 
ments. However, the radioactive compound in Peak 1 (Fig. 1) was not 
a-hydroxy-e-aminocaproic acid. 


TaBLe II 
Carrier Recrystallization of Radioactive a-Hydrory-e-aminocaproic Acid 
Fraction | Yield Specific activity| Total activity® 


* An aliquot of the anionic peak containing 2600 c.p.m. was hydrolyzed as de- 
scribed in the text and 200 mg. of authentic a-hydroxy-e-aminocaproic acid were 
added. The material was freed of hydrochloric acid by ion exchange and crystal- 
lized from ethanol-water. The total activity is based on 200 mg. 


Distribution of Radioactivity—The distribution of radioactivity in the 
isolated peaks is shown in Table III. The major metabolites found were 
pipecolic acid and the a-hydroxy-e-aminocaproic acid derivative (5.2 and 
7.4 per cent of the original lysine added). This distribution was found 
when unlabeled pipecolic acid was added initially (see the next section). 
The greatest part of these two metabolites is found in the medium, in con- 
trast to free lysine which is evenly divided between the medium and the 
mycelium (NPN). The protein lysine is roughly equal to the total free 
lysine. It is noteworthy that at most only 35 per cent of the original radio- 
activity has disappeared after 5 days of growth, indicating a slow conver- 
sion to carbon dioxide and other volatile products under the conditions of 
these experiments. 

Use of a-Aminoadipic Acid As Trapping Agent—When unlabeled a-ami- 
noadipie acid plus labeled lysine was added during growth instead of pipe- 
colic acid, the only radioactive metabolite found was pipecolie acid. Ami- 
noadipic acid was present in the NPN fraction of the mycelium and was 
isolated on Dowex 50 as described. It appeared just after a mixed glu- 
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tamic acid-aspartic acid peak. No radioactivity was present in the isolated 
aminoadipic acid. The identity of the compound was confirmed by two- 
dimensional paper chromatography. 

The amount of radioactivity in pipecolic acid found in this experiment, 
in which carrier was not added at any time, was approximately 20 per 


IIl 
Distribution of Radioactivity in Various Fractions 
Fraction | Com pound | Total counts | Recovery * 
‘hom x 10> c.p.m. per cent ] emt 
Cationic (medium) | go | | 20.4 | 
Peak 2 Pipecolie acid | | 48 
Unknown | | | 
Lysine | 60 5.6 
Anionic (medium) 94 $8.7 
Isolated peak a-Hydroxy-e- 72 OC 6.7 
aminocaproic 
acid derivative 
Cationic (NPN) 160 14.8 
Peak 1 Unknown 15 | 1.4 
Pipecolie acid 8 0.7 
“ 3 Unknown 9 | 0.8 
Lysine 70 6.5 
Anionic 7 | 0.7 
Protein 210 «19.5 
Isolated peak Lysine | 150 13.9 


* The recoveries are based on the original lysine added, 40 mg. containing 1 080,000 
e.p.m. The values for the original fractions are given in the left-hand columns, 
while the indented columns represent the recoveries after isolation of individual 
peaks. 

t This fraction was not studied quantitatively, but a major constituent corre- 
sponds to the one isolated from the anionic fraction of the medium. 


cent of the amount found when unlabeled pipecolic acid was added during 
growth. Since no other radioactive catabolites were found and the lysine 
disappeared as rapidly in this experiment as in those with unlabeled pipe- 
colic acid added, it is probable that the low vield is due to the further me- 
tabolism of this amino acid. This result suggests that pipecolic acid is on 
the main pathway of lysine catabolism, and, when the unlabeled compound 
is added as a trap, additional radioactive products are accumulated in 
amounts which can be isolated. 


e 
t 

e 
e 
) 
)- 
f 


526 METABOLISM OF LYSINE IN NEUROSPORA 


The failure to find radioactive aminoadipic acid excludes this compound 
as a lysine catabolite under the conditions of these experiments. The 
same conclusion has been reached based on experiments with N'°H,; (25). 
Since aminoadipic acid is converted to lysine by this strain (12), this find- 
ing and other evidence given below indicate that the biosynthetic and 
catabolic pathways differ and include irreversible reactions in both cases. 
Lysine is converted to a-aminoadipic acid in mammalian tissues (10). 

Growth Experiments—.-Pipecolic acid did not support the growth of any 
of the three lysineless strains tested. Good (25) has obtained similar re- 
sults with the pt mixture. Also pipecolic acid did not stimulate growth 
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Fic. 2. Growth curves of mutant 33933. The effect of t-lysine (Curve 1) and 
L-pipecolic acid in the presence of 150 y of lysine (Curve 2). 


significantly in the presence of limiting amounts of lysine in any of the three 
strains. A typical experiment is shown in Fig. 2. Baikiain (A*dehydro- 
pipecolic acid) and dl-a-hydroxy-e-aminocaproic acid were tested in the 
same way and also gave negative results. No significant inhibition of 
growth (on lysine) was noted when any one of these three compounds was 
added at the levels used. 

It is concluded that pipecolic acid cannot be converted to lysine or to 
aminoadipic acid at a significant rate in Neurospora. Pipecolic acid (21) 
and a-hydroxy-e-aminocaproic acid (26) did not support the growth of rats 
on a lysine-deficient diet. 


DISCUSSION 


The data presented and studies of lysine biosynthesis (12, 13) in Neuro- 
spora suggest the accompanying metabolic scheme. The intermediate (X) 
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in the conversion of a-aminoadipic acid to lysine is not known, but is pre- 
sumed to be a compound with the epsilon group at an aldehyde stage of 
oxidation (25). The over-all conversion (Reactions | and 2), as indicated 
by the arrows, is not reversible. 

The a-keto acid analogue of lysine has recently been prepared by Meister 
(23) and also shown to be the product of the action of the L-amino acid oxi- 
dase of Neurospora on lysine (1). This indicates that Reaction 3 is possi- 
ble. The reversibility of this reaction has not been tested. Evidence that 
this compound exists in a cyclized form suggests that it is the precursor of 
pipecolic acid. Studies with «N"*-labeled lysine, which show that the 
isotope is largely retained in isolated pipecolic acid, have provided evidence 
for a similar pathway in animals (27). A direct test of this hypothesis with 


COOH CH,NH, He He 
ine H 
COOH COOH COOH 2 
a“ AMINO- u-LYSINE a-KETO-c- g¢-DEHYDRO- PIPECOLIC 
ADIPIC AMINOCAPROIC PIPECOLIC ACID 
ACID ACID ACID 4 | 
¢H,0H 5 -R 
(Hels o- LYSINE (CHa)s 
GHNH, CHOH 
COOH OOH 
«-HYDROXYNORLEUCINE 


radioactive dehydropipecolic acid is in progress. This compound has not 
been found as a lysine catabolite in these studies in rivo. 

The pathway to the compound which yields a-hydroxy-e-aminocaproic 
acid on hydrolysis is not known. It is tentatively shown as Reaction 4. 
This is based on the failure to find the a-hydroxy-e-aminocaproic acid de- 
rivative when pipecolic acid as a trap is omitted. Alternatively, this com- 
pound could be formed from ¢«N-acetyllysine. Pipecolic acid was not 
converted to aminoadipic acid, a reaction which has been suggested to 
occur in animals (27), or back to lysine. Thus, except for Reaction 4, 
no other pathway for its rapid disappearance has been suggested. 

p-Lysine is utilized for growth in the presence of limiting amounts of the 
natural isomer by two of the lysineless strains, but not by the mutant which 
requires lysine itself for growth (25). This suggests that Reaction 5 is 


* The exact structure of the cyclized compound has not been established and the 
4'-double bond should be considered tentative. Also, see Meister (23). 
* Unpublished studies of Dr. J. Holden. 
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not a direct transamination or racemization, but involves a number of 
steps. 


SUMMARY 


1. The two major radioactive compounds found, when mutants of Neuro- 
spora were grown on radioactive lysine, were pipecolic acid and a com- 
pound which yielded a-hydroxy-e-aminocaproic acid after hydrolysis. 

2. Only the L-pipecolic acid was radioactive. p-Pipecolic acid did not 
disappear from the medium, in contrast to the rapid utilization of the nat- 
ural isomer. 

3. Neither of the two radioactive catabolites was present in the protein. 

4. a-Aminoadipic acid was not formed from lysine or pipecolic acid. 

5. An outline of lysine metabolism in Neurospora is presented. 


The authors wish to express appreciation to Dr. Henry Borsook and Dr. 
Norman Horowitz for their generous support and encouragement of this 
work. We are indebted to Dr. H. K. Mitchell for a number of helpful 
discussions. Mr. R. J. Busser has rendered valuable technical assistance. 


Addendum—Recent experiments similar to those reported above, but starting 
with radioactive A'-dehydropipecolic acid (a-keto-e-aminocaproic acid), have pro- 
vided evidence for the conversion of this compound to pipecolic acid and also back 
to lysine (28). 
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ION ANTAGONISM IN GLYCOLYSIS BY A CELL-FREE 
BACTERIAL EXTRACT* 


By JEAN A. CLARKt anno ROBERT A. MacLEODt 
(From the Department of Biochemistry, Queen's University, Kingston, Canada) 


(Received for publication, May 24, 1954) 


The ability of 1 inorganic ion to overcome the inhibitory or stimulatory 
effects of another, a phenomenon known as ion antagonism, has been 
observed in many biological systems (1). Though the initial observation 
of ion antagonism was reported in 1882 (2), few attempts to explain the 
mechanism of the phenomenon in precise terms have been made. 

In the course of studies on the mineral requirements of lactic acid bac- 
teria, MacLeod and Snell observed examples of ion antagonism which 
could be explained best by assuming a competition between the antagonis- 
tic ions for an enzyme surface (3, 4). Choosing one of the organisms, 
Lactobacillus arabinosus, for further study, Tsuyuki and MacLeod found 
that many of the ion antagonisms influencing growth also affected gly- 
colysis by resting cell suspensions of this organism (5). To determine 
whether the effects of the ions were exerted upon the enzymes involved 
in glycolysis or upon the membrane surrounding the cells, further experi- 
ments were conducted with cell-free extracts of L. arabinosus. 


EXPERIMENTAL 


Materials— All of the cofactors and glycolytic intermediates used in this 
study were commercial preparations of the highest purity obtainable.' 
The same kinds of salts as those employed in previous investigations were 
used to prepare metal ion solutions (5). All media and solutions were 
prepared with distilled water redistilled in glass apparatus. 

Glassware was cleaned with a hot mixture of concentrated nitric and 


* Supported by a grant from the Division of Medical Research of the National 
Research Council of Canada. These findings were presented in summary at the 
Thirty-eeventh annual meeting of the Federation of American Societies for Experi- 
mental Biology, held at Chicago, April, 1953, and were taken from a thesis submitted 
by Jean A. Clark in partial fulfilment of the requirements for the degree of Master of 
Arts, Queen's University. 

t Present address, Department of Nutrition, Ontario Agricultural College, 


Guelph, Ontario. 

t Present address, Pacific Fisheries Experimental Station, Vancouver 2, British 
Columbia. 

' Abbreviations used: ATP, adenosinetriphosphate; ADP, adenosinediphosphate; 
HMP, fructose-6-phosphate; HDP, fructose-1,6-diphosphate; PGA, phosphoglyc- 
erie acid; PA, pyruvic acid; DPN, diphosphopyridine nucleotide. 
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sulfuric acids and rinsed successively with tap water, ordinary distilled 
water, and redistilled water. 

Preparation of Cell-Free Extract—Cells of L. arabinosus ATCC 8014 
were grown in a medium prepared as previously described (5), except 
that no xanthine was added and an enzymatic casein hydrolysate (6) 
was used as the source of nitrogen. The medium contained K* and Mn** 
as the only added ions in amounts just sufficient to permit maximal! 
growth of the organism (30 mg. and 20 mg. per liter, respectively). Cells 
harvested from this medium were washed with water, mixed with pow- 
dered glass, and ground in a Wood-Werkman tissue grinder. Water 
extracts of the ground paste were pooled and clarified by centrifuging at 
13,000 r.p.m. in an MSE angle head centrifuge. The final cell-free ex- 
tract, | ml. of which was equivalent to 100 mg. dry weight of original 
cells, was divided into 5 ml. portions and stored at —40° until ready for 
use. 
Manometric Methods—The rate of glycolysis was determined mano- 
metrically in a Warburg respirometer by measuring the CQO: released 
from a bicarbonate buffer by the acid produced by the extract from 
glucose. 


Results 


Establishment of Conditions for Optimal Glycolysis—Preliminary experi- 
ments revealed that to obtain measurable glycolysis with the cell-free 
extract of L. arabinosus, it was necessary to add three cofactors to the 
Warburg flasks, Mn**, ATP, and a suitable monovalent ion. Neither 
Mgt, Cot, Nit, nor Zn** could either replace or spare the requirement 
for Mn**. 

No improvement in glycolysis could be demonstrated by adding either 
inorganic phosphate or DPN. These two substances were routinely 
added to the flasks, however, to insure their presence in adequate amounts 
at all times. 

Effect of Alkali Metal Ions and NH, on Glycolysis—Previous studies 
have shown that NH,*, Nat, and Cs* inhibit growing cells and glycolysis 
by resting cells of L. arabinosus if insufficient K* is present (3,5). When 
cell-free extracts of the organism were used, NH,4* was found to be not 
only non-inhibitory but actually more active than K* or Rb* in stimu- 
lating glycolysis. In fact, if the cell-free extract was combined with the 
various cofactors in the main compartment during the equilibration 
period, no glycolysis resulted when the substrate, glucose, was introduced 
from the side arm, unless NH,* was the activating ion. If, however, the 
bacterial extract was placed in the side arm during equilibration, K* and 
Rbt, as well as NH4*, were capable of stimulating subsequent glycolysis 
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(Fig. 1). Reasons for this difference in response to the various ions are 
considered elsewhere (7). 
In all subsequent experiments in which the relationship between the 


MINUTES 

Fic. 1. Glyeolysis by a cell-free extract of L. arabinosus. The effect of the posi- 
tion of the flask components during equilibration on subsequent glycolysis in the 
presence of NH,*, Kt, and Rb*t. The complete glycolytic system consisted of 
NaHCO, 20 smoles, NaH.PO,-H.O 3 pmoles, MnSO,-H.,O 3 umoles, ATP 1.2 umoles, 
DPN 0.12 pmoles, glucose 10 wmoles, and bacterial extract 0.25 ml. The various 
monovalent ions were added as indicated at a level of 50 uwmoles per flask. Total 
volume, | ml.; atmosphere, CO,.; temperature, 37°. Extract or glucose in side arm 
during equilibration as indicated. 


yM NH, PER FLASK uM Rb* PER FLASK 


Fic. 2. Glycolysis by a cell-free extract of L. arabinosus. The effect of NH,* (A) 
and Rb* (B) on the inhibition of glycolysis by Na*. Flask components as described 
in Fig. 1. Extract in side arm during equilibration. Incubation time, 3} hours (A) 
and 4 hours (B). 
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various monovalent ions was studied, the bacterial extract was placed 
alone in the side arm during equilibration. 

With growing cells, NH,4*, Na*, and Cs* had been found to be inhibitory 
and the inhibition could be overcome by adding sufficient K* (3). In 
glycolysis by resting cells, the same ions inhibited glycolysis and both K+ 
and Rbt were active in reversing the effect (5). When cell-free extracts 
were used, Nat and Cs* were again found to be inhibitory, but in this 
case the inhibition could be antagonized not only by K* and Rb* but 
also by NH,*. These findings are illustrated by the data presented in 
Figs. 2 to 5. 
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Fic. 3. Glycolysis by a cell-free extract of L. arabinosus. The effect of NH,* (A) 
and Rb* (B) on inhibition of glycolysis by Cs*. Flask components and position of 
extract as in Fig. 2. Incubation time, 5 hours (A) and 6 hours (B). 


Fig. 2, A shows that Na* inhibited glycolysis at low concentrations of 
NH,t, but that higher concentrations of the latter ion could overcome 
completely the effect of the Nat. Rb* was also effective in reversing the 
inhibition by Nat (Fig. 2, B), although a comparison of the concentra- 
tions involved reveals that Rb+ was much less active than NH,* in this 
capacity. 

The inhibition of glycolysis by Cst+ and its reversal by either NH,* or 
Rbt+ can be seen in Fig. 3, A and B. K* was found to behave toward Cs* 
in an entirely similar manner to NH,* and Rbt. 

In all of the cases of ion antagonism presented, it is apparent that, as 
the concentration of the inhibitory ion was increased, the amount of the 
ion required to overcome the inhibition was correspondingly increased, 
indicating a competitive relationship between the antagonistic pairs of 
ions. 
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Other Factors Affecting Response to Metal Ions—The observation was 
made that the inhibition by Na* or Cs* was markedly dependent upon 
the length of time the experiment was run. This effect is illustrated in 
Fig. 4 where it can be seen that, after a 1 hour incubation period, both 
the 20 and 30 um levels of Na* completely inhibited glycolysis at all 
levels of K* tested, while, after 2 hours, glycolysis had set in at both of 
these levels of Na* at the higher concentrations of K* used. For other 
reasons, KHCOs; was used in place of NaHCO, as the buffer in this par- 
ticular experiment. Other experiments have revealed that this change 


4A 2Hr. 4B 


yM K* PER FLASK 


Fic. 4. Glycolysis by a cell-free extract of L. arabinosus. Effect of incubation 
time on the ability of various levels of K* to overcome the inhibition of glycolysis 
by Na*. Response to K* in the presence of varying levels of Na* after 1 hour of in- 
cubation (A) and after 2 hours of incubation (B). Flask components and position 
of extract as in Fig. 2, except that KHCO, was used in place of NaHCO. 


had no bearing on the phenomenon illustrated here. It would thus ap- 
pear that inhibition of glycolysis by Na* and Cs* was reflected primarily 
in an increase in the lag phase preceding the initiation of glycolysis and 
that, once established, glycolysis proceeded at a rate which was almost 
unaffected by the presence of the inhibitory ions. 

It was also found that any one of a number of glycolytic intermediates 
tested could greatly modify the response of the glycolytic system to in- 
organic ions. When hexose monophosphate, hexose diphosphate, phos- 
phoglyceric acid, and pyruvic acid were each added separately, a!! were 
found to be capable of promoting glycolysis in the absence of added K*, 
NH,*, or Rb* (Fig. 5). 

Muntz and Hurwitz (8) reported that certain phosphorylated inter- 
mediates permitted glycolysis by rat brain extracts in the absence of added 
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NH, and concluded that these compounds acted by maintaining a suffi- 
cient concentration of ATP for glycolysis. The fact that pyruvate is 
more active than two of the three phosphorylated intermediates tested in 
the bacterial system shows that, for cell-free extracts of L. arabinosus at 


2 
HOURS 


Fic. 5. Comparison of the ability of K* and various glycolytic intermediates to 
stimulate glycolysis by a cell-free extract of L. arabinosus. Flask components and 
position of the extract as in Fig. 2. All glycolytic intermediates added to the system 
as their sodium salts. 


TaBie I 
Ability of HDP to Overcome Toxicity of Na* in Glycolysis by Cell-Free Extract of 
L. arabinosus 


pl. COs produced* 
per flask 


No HDPt 1.7 pmoles HDPt 
0 226 206 
20 | 212 279 
50 154 262 
100 30 258 
200 19 183 


* Flask components and position of extract as in Fig. 2. 50 wmoles of Rb* were 
present throughout. Incubation time, 90 minutes. 
t Added as the sodium salt. 


least, ability to give rise to ATP directly is not a prerequisite for sparing 
or replacing the monovalent ion requirement of the system. 

Since the amounts of the intermediates added in the above experiment 
were small when compared to the total amount of glucose metabolized, 
it seemed likely that the compounds were sparing rather than replacing 
the monovalent ion requirement in glycolysis. This hypothesis could 
be tested only with a system free of the contaminating traces of K+ and 
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NH,* known to be present. Unfortunately, attempts to remove these 
traces by dialysis or by treatment with ion exchange resins failed, since 
both procedures inactivated the bacterial extract. 

Since various glycolytic intermediates could spare or replace the re- 
quirement for the stimulatory monovalent ions, one would expect them 
also to reduce or eliminate the inhibition produced by Nat and Cs*. 
That this is the case is evident from Table I where the ability of HDP to 
antagonize the inhibition of glycolysis by Na* is shown. In separate 
experiments, pyruvic acid was found to reduce the toxic action of Cst* 
ina similar manner. Again the amount of intermediate tested was small 
when compared with the total amount of glucose metabolized. Of in- 
terest in connection with these observations is the fact that Racker and 
Krimsky found that NaCl produced a marked inhibition of glycolysis by 
mouse brain homogenates when glucose, but not HDP or HMP, was the 
substrate (9). 


DISCUSSION 


Since NH,* was capable of stimulating glycolysis by the cell-free sys- 
tem and of inhibiting glycolysis by the intact cell, by a process of elimina- 
tion, the inhibitory effect of NH4* on the intact cell must be a phenomenon 
associated with the membrane. Accumulating evidence points to the 
transport of metabolites from the surrounding medium into the cell across 
the membrane as, In many cases, an active enzymatic process requiring 
the expenditure of energy (10, 11). Thus NH,4*:K* antagonism in the 
intact cell could be a competition between the ions either for one or more 
enzymes or for carrier molecules involved in this process of active trans- 
port. 

It is reasonable to conclude that many of the ion antagonisms which 
affect growing cells of L. arabinosus are the same as those which influence 
glycolysis by intact resting cells of the organism (5). Whether the an- 
tagonisms observed in glycolysis by the cell-free extracts of the organism 
are the same as those which act on the intact cell is less evident. In sup- 
port of the conclusion that the enzymes involved in glycolysis are the 
site of action of the antagonisms which influence the activities of the in- 
tact cell is the fact that inhibitions produced by Na* and Cs* can be 
overcome by K+ and Rb* in both systems. Further, K* and Rb*t were 
about equally effective in each case. On the other hand, the molar ratios 
of antagonist to metabolite at one-half maximal reversal of the inhibition 
of glycolysis are markedly different in the two systems. ‘Table II shows 
that both Nat and Cs*+ were much more toxic in the cell-free system than 
when whole cells were the glycolytic agents. It is also evident that, 
whereas Nat and Cs+ were equally texic in the cell-free system, their tox- 
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icities were quite different from one another when whole cells were used, 
Then again, in contrast to the response in resting cells, glycolysis by the 
cell-free extract, once initiated, proceeded at a rate which was almost un- 
affected by the presence of the inhibitory ions. These differences in re- 
sponse of the two systems to inorganic ions could be ascribed to the mod- 
ifying effects of the cell membrane on ion concentration gradients and to 
the lack of cellular organization in the cell-free extracts. 

The clear cut examples of ion antagonism in glycolysis observed in this 
study with a bacterial extract have not as yet been shown to have their 
counterparts in glycolysis by other tissues. Utter found that Na* inhibi- 
tion of glycolysis in homogenates of nervous tissue of the cotton rat could 


TaBLeE II 

Comparison of Molar Ratios of Inhibitory and Stimulatory Monovalent Ions Permitting 
Half Maximal Reversal of Inhibition of Glycolysis with Resting Cells and Cell-Free 

Extracts of L. arabinosus As Glycolytic Agents 


Molar ratio 


Antagonistic ion pair 


Resting cells* | 


| Cell-free extract 
| 16 
2.8 
nes 35 2.4 


4 From Tsuyuki and MacLeod (5). 
t Value not constant (300 to 4800). 


be overcome only partially by K+ (12). Muntz (13) and Muntz and 
Hurwitz (8) could find no evidence of antagonism between Nat and 
either K+ or NH, in yeast and rat brain extracts. Whether the bac- 


terial system is unique with respect to its response to inorganic ions or — 


whether it merely happens to contain lower concentrations of compounds 
capable of masking the inhibitory or stimulatory effects of the various 
inorganic ions is a question which can be answered only by further study. 

The site of action of the ion antagonisms in glycolysis has not yet been 
established. Any explanation of the mechanism of action of the ions 
must account for the following facts. The inhibitory ions act primarily 
by increasing the length of the induction period preceding glycolysis. 
Any one of a number of glycolytic intermediates is capable of sparing the 
requirement for the stimulatory ions and of overcoming the effects of the 
inhibitory ions. Once initiated, glycolysis can proceed at a normal rate 
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even in the presence of a level of inhibitory ion capable of greatly 
increasing the length of the lag phase preceding glycolysis. 

The similarity between the inhibition ratios of Na+ and Cst with each 
reversing ion in the cell-free bacterial system (Table II) suggests that 
both Na* and Cs* inhibit the same reaction or reactions in glycolysis. 
As any intermediate from hexose monophosphate to pyruvate is capable 
of either sparing the requirement for the stimulatory ions or of overcom- 
ing the toxicity of the inhibitory ions in the system, it would appear that 
none of the reactions involved in the conversion of these compounds to 
pyruvate is affected by the ion antagonisms observed. Reactions con- 
cerned with the conversion of glucose to hexose monophosphate would 
therefore most likely be involved. It is of interest in connection with 
this study that Racker and Krimsky concluded that Na* inhibition of 
glycolysis by mouse brain homogenates was localized at the phosphoryla- 
tion of glucose (9). Also, Wiebelhaus and Lardy have shown recently 
that Nat inhibits a hexokinase in beef brain (14). Another reaction con- 
cerned indirectly with the phosphorylation of glucose is the breakdown of 
ATP by the enzyme apyrase. The possibility that the ion antagonisms 
might be affecting glycolysis by influencing the action of apyrase is 
considered in the accompanying paper (7). 


SUMMARY 


Three cofactors, Mn++, ATP, and a suitable monovalent ion, were 
found to be required for glycolysis by a cell-free extract of Lactobacillus 
arabinosus 8014. NH,+, which inhibited growing cells and glycolysis by 
resting cells, was found to be more active than K* or Rb* in stimulating 
glycolysis by the cell-free extract of the organism. Nat and Cs* both in- 
hibited glycolysis by the cell-free extract if insufficient stimulatory mono- 
valent ion was present. NH,*, K+, and Rb* were all capable of over- 
coming, in a competitive manner, the inhibitions produced by either Nat 
or Cs+. Inhibition of glycolysis by Na* or Cs* was reflected primarily in 
an increase in the lag phase preceding the initiation of glycolysis. Once 
established glycolysis proceeded at a rate which was almost unaffected by 
the presence of the inhibitory ions. Such intermediates as HMP, HDP, 
phosphoglyceric acid, and pyruvic acid were found to spare or replace the 
requirement of the glycolytic system for NH,y*, K*, or Rb*t and to be 
capable of overcoming the inhibition produced by Nat or Cs*. The re- 
sults obtained suggested that the ion antagonisms primarily affect re- 
actions concerned with the conversion of glucose to HMP. 

It has been concluded that the site of action of the ion antagonisms 
involving NH,* in the intact cell is the cell membrane. 
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THE EFFECT OF SOME INORGANIC IONS ON A 
BACTERIAL APYRASE* 


By JEAN A. CLARKT ann ROBERT A. MacLEOD{ 
(From the Department of Biochemistry, Queen's University, Kingston, Canada) 


(Received for publication, May 24, 1954) 


In the course of a study of ion antagonism in glycolysis by a cell-free 
extract of Lactobacillus arabinosus, it was observed that stimulation of 
glycolysis by K* and Rb* but not by NH,* depended on the position of 
the bacterial extract in the Warburg flask during the equilibration period 
preceding each respirometer experiment (1). If the extract was placed 
alone in the side arm of the flask during this period, all 3 ions promoted 
subsequent glycolysis. When the extract was included in the main com- 
partment with all other flask components except the substrate, glycolysis 
resulted on adding glucose from the side arm only if NH,* was the 
activating ion. 

The fact that contact of the extract with ATP during equilibration pre- 
vented subsequent glycolysis and in addition that an active apyrase could 
be demonstrated in the bacterial extract suggested a reason for the differ- 
ences in response noted above. Because of their possible relation to the 
mechanism of ion antagonism in glycolysis, the effects of the monovalent 
ions on the bacterial apyrase were studied. 


EXPERIMENTAL 


Manometric Methods—The procedures used for preparing the cell-free 
extract of L. arabinosus ATCC 8014 and for testing its activity have been 
described (1). 

Measurement of Apyrase Activity—Apyrase activity was measured by 
determining the rate of liberation of inorganic phosphorus from ATP (2).! 
The experiments were performed in Warburg flasks under the same 
conditions as those used in the manometric studies. 


* Supported by a grant from the Division of Medical Research of the National 
Research Council of Canada. These findings were taken from a thesis submitted by 
Jean A. Clark in partial fulfilment of the requirements for the degree of Master of 
Arts, Queen’s University. 

t Present address, Department of Nutrition, Ontario Agricultural College, 
Guelph, Ontario. 

t Present address, Pacific Fisheries Experimental Station, Vancouver 2, British 


Columbia. 
' Abbreviations used: ATP, adenosinetriphosphate; AMP, muscle adenylic acid: 


HDP, hexose diphosphate; DPN, diphosphopyridine nucleotide. 
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Results 


The most obvious explanation for the difference in response resulting 
from a change in the position of the extract in the Warburg flask during 
equilibration was that contact of the extract with one or more other com- 
ponents of the system before “dumping” modified the subsequent glyco- 
lytic response. If this were the case, then one would expect that the 
length of time of contact of the extract with the other components of the 
system would greatly modify this effect. The results of the following ex- 
periment support this conclusion. Glucose and the enzyme extract were 


MINUTES. 


Fic. 1. The effect of increasing the time of contact of the bacterial extract with 
the other flask components before introducing glucose on subsequent glycolysis. 
Flasks with double side arms were used. Side Arm 1, bacterial extract 0.25 ml.; Side 
Arm 2, glucose 10 uymoles. Main compartment, NaHCO, 20 wmoles, NaH,PO,-H,0 
3 umoles, MnSO,-H.O 3 wmoles, ATP 1.2 wmoles, DPN 0.12 umole, KCI 80 smoles. 
Total volume, 1 ml.; atmosphere, CO,; temperature, 37°. The extract was intro- 
duced into the main compartment in each flask immediately after equilibration. 
Glucose was then added after the indicated intervals of time. 


each placed in separate side arms of Warburg flasks with double side 
arms, while the other components required for glycolysis were added to 
the main compartment. After equilibration the enzyme extract was 
added at the same time to the main compartment of each flask, while the 
time at which glucose was tipped in was varied from flask to flask. With 
K+ as the stimulatory monovalent ion, the lag in subsequent glycolysis 
became progressively greater as the time of contact of the extract with 
other components of the flask was increased from 0 to 50 minutes prior to 
introducing glucose (Fig. 1). Although the time of contact required to 
prevent glycolysis from starting within a reasonable time was longer than 
the usual equilibration period, the period of contact in a normal experi- 
ment included not only the equilibration period but also the time from 
the pipetting of the extract into the flask. 
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It was of interest to know which of the flask components were being 
affected by the bacterial extract during equilibration. The results of ex- 
periments designed to answer this question are summarized in Table I. 
It is apparent from the results obtained in Flasks 1 to 4 that lack of gly- 
colysis resulted when the extract and ATP were in contact prior to the 
addition of glucose. The addition of HDP (Flask 5), but not of ATP 


| 
Effect on Subsequent Glycolysis of Combining Various Flask Components with Enzyme 
Extract Prior to Dumping 
Flask No. | Components combined with extract prior to dumping Ch eigen 


None 
ATP, NaHCO,, DPN, Mn**, PO,", K* 
NaHCO,, DPN, Mn**, PO,", K* 
ATP 
“ NaHCO;, DPN, Mn*t, PO.", K* with HDP (1.7 
moles) added after equilibration 
6 ATP, NaHCO,, DPN, Mn**, PO," with additional ATP (1 
gmoles) added after equilibration 


7 ATP, NaHCO,, DPN, Mn**, PO,", Rb* 
9 NH, 

ll DPN, “ PO. 


The complete glycolytic system consisted of NaHCO; 20 ymoles, NaH;,PO,-H,O 
3umoles, MnSO,-H,0 3 smoles, ATP 1.2 umoles, DPN 0.12 umole, glucose 10 umoles, 
and bacterial extract 0.25 ml. Flasks 1 to 5 contained KCI 80 uwmoles; Flask 6, 
NH,CI 80 wmoles; Flask 7, RbCl 80 wmoles; Flasks 8 to 11, NH,C1 80 wmoles. Total 
volume, 1 ml.; atmosphere, CO;; temperature, 37°. The components not shown in 
the second column were kept apart from those shown during equilibration by placing 
them either in the main compartment or in the side arm, depending on which was the 
more convenient. 


(Flask 6), after equilibration counteracted the effect of the extract on 
ATP. The amount of CO, produced in Flask 8 as compared with that in 
Flasks 2 or 7 shows the ability of NH,* and the inability of K* or Rb* to 
promote glycolysis when the extract and ATP have been in contact prior 
to adding glucose. It is of interest that, even in the presence of NH,*, 
contact of the extract with ATP reduces subsequent glycolysis. 

To clarify further the réle of NH,* in the system, this ion was com- 
bined with the extract and ATP during equilibration and the effect on 
subsequent glycolysis determined. No glycolysis resulted under these 
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conditions (Flask 9). It was therefore clear that one or more of the other 
components of the system besides NH,* were necessary to counteract the 
action of the extract on ATP. The results from Flask 10 reveal that 
NH, and Mn** together have the desired effect. That both ions must 
be present together during equilibration is emphasized by the results in 
Flask 11 in which NH,* did not permit glycolysis when added after equi- 
libration to a combination which included ATP, the extract, and Mn**. 
Most of the effects shown in Table I could be explained if the bacterial 
extract were found to contain an apyrase, the action of which could be 
largely prevented by a combination of NH and Mn**. Such an en- 


UG P FORMED 


Oo 6 20 
ML. EXTRACT 
Fic. 2. Demonstration of the apyrase activity of a cell-free extract of L. arabino- 
sus. Each flask contained the following in a total volume of 1 ml.: ATP (Nat? salt) 
3 wmoles, NaHCO, 20 wmoles, bacterial extract as shown. Atmosphere, CO;; tem- 
perature, 37°; incubation time, 15 minutes. 


zyme could prevent or delay the onset of glycolysis by destroying all or 
part of the ATP required for subsequent glucose phosphorylation. The 
presence of an active apyrase in the cell-free extract of L. arabinosus is 
indicated by the results in Fig. 2, where it is evident that the rate of re- 
lease of inorganic P from ATP is very nearly proportional to the amount 
of the bacterial extract added to the system. The presence of apyrase 
would also serve to account for the large amount of CO, produced in 
glycolysis under optimal conditions (e.g. Flask 1, Table I). This amount 
was greater than that which would have been obtainable had the Harden- 
Young effect alone been operative. Flasks run without added substrate 
produced insufficient CO, to account for the discrepancy. 

The intimate relationship between stimulation of glycolysis by inor- 
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ganic ions and the action of the extract on ATP suggested a possible site 
of action of the ion antagonisms observed in glycolysis. 

Utter has shown that Na* stimulates an ATPase in brain homogenates 
and has postulated that Na* inhibition of glycolysis is due to the ability 
of this ion to stimulate ATP breakdown sufficiently to interfere with gly- 
colysis (3). If Na* and Cs*, which inhibit glycolysis in the bacterial sys- 
tem, were found to stimulate the apyrase present and NH,*, K+, and Rbt* 
to inhibit it in a competitive manner, then the antagonism of these ions 
in glycolysis could be explained on the basis of their ability to control the 
ATP concentration of the system. For this reason the effect of the vari- 


Taste Il 
Effect of Some Inorganic lons on Apyrase Activity of Cell-Free Extract of L. arabinosus 
lone added Concentration | P formed per Activity 
pmoles Y per cent 
None 23.9 100 
100 45.9 192 
NH,* (3 pmoles Mn**). .......... SO) 13.4 56 
Rb* @ 80 10.9 46 


Each flask contained the following ina final volume of 1 ml.: bacterial extract 0.2 
ml., ATP (K* salt) 2 wmoles, NaHCO, 20 umoles, additions as shown. Atmosphere, 
CO;; temperature, 37°; incubation time, 14 minutes. 


ous ions on the activity of apyrase was studied (Table II). It is evident 
that each of the monovalent ions was capable of stimulating the action of 
apyrase when tested at the concentration at which it was most effective 
in inhibiting or promoting glycolysis. Mn** was the only ion tested 
which inhibited the enzyme. A combination of Mn** and NH, had 
been found to be necessary to prevent the action of the bacterial extract 
on ATP in the glycolytic experiments. Therefore each of the ions which 
would be required to inhibit apyrase, if the postulated mechanism of ion 
antagonism were true, was tested in the presence of Mu**. NH4,, K*, 
and Rbt*, instead of acting synergistically with Mn** in depressing apy- 
rase action, showed some ability to antagonize the inhibition of apyrase 
by Mn**. There is thus no evidence that NH,*, K*, and Rb* exert their 
effect on glycolysis by cell-free extracts of L. arabinosus by antagonizing 
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the action of Na* or Cst on apyrase. Muntz has concluded, too, that 
NH¢ and K* activation of glycolysis by an extract of rat brain is not due 
to the ability of the ions to antagonize the action of Na* on the apyrase 
present in this system (4). 


DISCUSSION 


It has been found that both NH,* and Mn* must be present when the 
bacterial extract is combined with ATP during equilibration if subse- 
quent glycolysis is to take place (Table 1). The fact that the same 2 ions 
do not have a parallel effect in inhibiting the apyrase activity of the ex- 
tract indicates that the action of the extract on ATP which prevents 
glycolysis is not primarily an apyrase effect. The fact that ATP does 
not restore glycolytic activity when added to the system after contact of 
the extract with ATP confirms this conclusion and suggests that some 
toxic product is formed as a result of the action of the extract on ATP. 
Although the postulated toxic product has not been identified, it is sig- 
nificant that Greenberg has noted that AMP and its deaminated deriva- 
tive, inosinic acid, are inhibitory to glycolysis by brain preparations at 
concentrations of the order of those which would be involved here (5). 
Further, as in the experiments reported here, HDP was found able to 
counteract the inhibitory effects in the brain preparation. It is also of 
interest that separate experiments have revealed that not only HDP but 
various other glycolytic intermediates permit glycolysis in the bacterial 
system when the extract and ATP have been in contact during prelim- 
inary equilibration. 

The bacterial apyrase reported here appears to differ from the various 


animal apyrases studied in respect to the manner in which the enzyme is | 


affected by inorganic ions. While all of the monovalent ions tested were 
found to be capable of stimulating the apyrase of L. arabinosus, only Na* 
has been reported to be active in this respect for the apyrase present in 
brain extracts and homogenates (3, 4). Finally, Mn**, which promotes 
apyrase action in brain extracts (3), strongly inhibits the bacterial 
enzyme. 


SUMMARY 


An explanation was sought for the finding that stimulation of glycolysis 
by K+ and Rb*, but not by NH,*, depended on the position of the cell- 
free extract of Lactobacillus arabinosus in the Warburg flask during equili- 
bration. Contact of the extract with ATP prior to introducing glucose 
was found to be responsible for the lack of activity when K* or Rb* was 
the activating ion. Investigation revealed that the action of the bacte- 
rial extract on ATP could be largely prevented if NH, and Mn++ were 
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present during the period of contact. HDP and various other glycolytic 
intermediates, but not additional ATP added after equilibration, could 
counteract the action of the extract on ATP. The cell-free extract was 
found to contain an active apyrase which was stimulated by NH, Kr, 
Rb*+, Nat, and Cs* and inhibited by Mn**. It was concluded that the 
action of the bacterial extract on ATP which prevented subsequent gly- 
colysis was not primarily an apyrase effect. There was no evidence that 
inorganic ion effects on apyrase could account for the ion antagonisms 
which have been observed in glycolysis. 
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THE METABOLISM OF STYRENE IN THE RAT* 


By I. DANISHEFSKY ano M. WILLHITE 


(From the Department of Biochemistry and the Institute of Cancer Research, College 
of Physicians and Surgeons, Columbia University, New York, New York) 


(Received for publication, June 21, 1954) 


It has been shown that different types of sarcomas can be induced in 
rats and mice by imbedding films of various polymers in the anterior 
abdominal wall just ventral to the fascia (1, 2) or by wrapping the film 
around the kidney (3). The mechanism for this action presumably entails 
a preliminary oxidative degradation of the polymer, within the organism, 
to a compound of lower molecular weight which is absorbed by the cells 
and subsequently induces tumor formation. To investigate this mech- 
anism, we have initiated a number of studies on the physiological disposi- 
tion of monomers and polymers. This paper, on the metabolism of sty- 
rene, is the first report on these investigations. 

A knowledge of the metabolism of styrene is of fundamental interest 
also because it should shed light upon the manner in which vinyl groups 
are metabolized. Previous toxicological studies with styrene on rabbits 
and rats indicate that it is oxidized in the animal to benzoic acid (4). 
When styrene is fed to rabbits, part of it is excreted in the urine as an 
unidentified glucuronide (5). No other data on this subject have been 
published thus far. 

This communication is a report on the distribution and excretion of radio- 
activity after subcutaneous injection of styrene-8-C™ (C,Hs;CH=C"H,). 
The rate of excretion of the radioactivity via the urine was determined 
since this is, by far, the major route of elimination. Preliminary distribu- 
tion studies on the radioactive metabolites excreted in the urine are also 


reported. 
EXPERIMENTAL 


Styrene-8-C™ (0.54 mc. per gm.), obtained from Tracerlab, Inc., was 
distilled, and the fraction boiling at 48° and 20 mm. was used. The radio- 
active material was diluted with normal styrene (1:1) and dissolved in 
arachis oil to make a 20 per cent solution. 

In each experiment reported here, a rat of the Wistar strain, weighing 
100 to 125 gm., was injected subcutaneously in the anterior abdominal 


* This investigation was supported by a research grant, No. C-1620(C:2), from the 
National Cancer Institute, National Institutes of Health, United States Public 
Health Service. 


549 


i 
| 


550 METABOLISM OF STYRENE 


wall with 0.10 ml. of the radioactive solution. The latter contained 
7 X 10® e.p.m. measured as BaCO;. Following the injection, the animal 
was placed in a glass metabolism cage with a train similar to that described 
by Skipper and coworkers (6) in order to collect the urine, feces, and 
respiratory CO:. In addition, a U-tube containing ethanol and glass 
beads at —50° was inserted into the train between the cage and the CO, 
trap in order to collect any unchanged styrene. The animals were sacri- 
ficed at various intervals (Table I) and the desired organs extirpated for 
C' assay. The different organs and the feces were subjected to the wet 
combustion procedure of Van Slyke et al. (7), converted to BaCQOs;, and 
counted as such. Respiratory CO, was trapped in 10 per cent NaOH and 
converted to BaCO;. Urine either was oxidized and the CO, precipitated 
as BaCO; or was plated and counted directly by the procedure of Heard 
et al. (8). All samples were counted with a gas flow windowless counter, 
and sufficient counts were taken to obtain an accuracy of +10 per cent. 
The values obtained were converted to the number of counts per minute 
at infinite thinness. The trapped styrene, exhaled from the lungs, was 
identified in the alcoholic solution by its ultraviolet absorption spectrum 
(9). This method was also used for the quantitative determination of the 
monomer. 


DISCUSSION AND RESULTS 


Following subcutaneous injection, styrene-8-C™ is rapidly metabolized 
and excreted from the animal body. A considerable portion of the radio- 
activity is removed from the site of injection and distributed in the tissues 
within 1 hour (Table 1). At this time, the amount of radioactivity in the 
various organs is at a maximum, the highest concentration being found in 
the liver and the kidneys. After 6 hours following the injection, there is 
a decrease in the radioactivity in the tissues, and after 24 hours only 
minute amounts can be detected. 

Over 85 per cent of the radioactivity is excreted within the first 24 hours. 
Less than 3 per cent of the original dose is eliminated through the feces, 
and about 12 per cent is recovered as respiratory CO,.. The preponderant 
fraction of the radioactivity is eliminated in the urine. Excretion by this 
route is quite rapid, and hence over 50 per cent of the injected material is 
eliminated within the first 15 hours, 71 per cent in 24 hours, and 73 per 
cent in 50 hours (Fig. 1). About 3 per cent of the styrene is exhaled 
unchanged from the lungs. 

An important objective of this investigation was to determine how the 
vinyl group of the styrene is metabolized. Styrene with the labeled 
carbon in the 6 position was employed in these experiments because any 
oxidative cleavage at the double bond should result in the ultimate forma- 
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tion of C“O,. The fact that a portion of the injected radioactivity was 
recovered as respiratory CO, would indicate that such a cleavage does 
take place to some extent. In addition, the isolation of benzoic acid in 
feeding experiments (4) supports the possibility that an oxidative cleavage 
does take place at the vinyl double bond. No final conclusion can be 
reached, however, until the styrene metabolites are identified, because 


I 
Distribution of Radioactivity in Tissues and Excreta of Rats Injected 
with Styrene-B-C'* 


Per cent of dose 

1 hr. 6 hrs. | 24 hrs. 
57.20 28.05 2.11 
4.02 37 .20 71.02 
0.32 0.08 0.01 
1.82 0.48 0.01 
Small 0.49 0.26 0.08 
0.06 0.02 0.02 
0.01 0.01 0.01 
| 0.01 0.00 0.01 
Unchanged exhaled styrene*................ | 0.03 — 1.40 2.90 


Each figure represents an average of the results obtained from three experiments. 
* Calculated from the values obtained from spectrophotometric determinations. 


CO, may also be formed when the entire viny] group is cleaved, converted 
to acetate, and incorporated into the tricarboxylic acid cycle. 

The fact that about 3 per cent of the styrene is exhaled unchanged from 
the lungs is of interest, since a similar result has also been found with 
benzene and toluene when fed to rats or rabbits (10, 11). A much smaller 
amount is found in this case, because the vapor pressure of styrene is 
substantially lower than that of benzene or toluene. Furthermore, the 
metabolic sequences and rates in feeding experiments are not completely 
analogous to those found after subcutaneous injection. 
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The radioactive metabolites in the urine are highly soluble in water, and 
less than 1 per cent could be extracted with ether or chloroform. Pre- 
sumably, the styrene end-product is in the form of either a conjugate or a 
hydroxylated compound, or both. After mild hydrolysis of the urine 
with 1 N HCl, 21 per cent of the radioactivity becomes extractable with 
ether. When the urine is hydrolyzed with an equal volume of concen- 
trated HCl for 4 hours and extracted with ether, 62 per cent of the radio- 
activity is taken up by the organic solvent. To separate any mercapturate 
(12), urine, which was acidified with an equal volume of concentrated HCl 
and kept at 0° for 2 hours, was extracted with chloroform. The solvent 
took up 32 per cent of the radioactivity from the urine. 


PER CENT OF 
INJECTED ACTIVITY 
ee 


™m 
T 


tL i i i 


HOURS 


Fig. 1. Rate of urinary excretion of radioactivity by rats injected with C'*-labeled 
styrene (based on four experiments). 


These experiments account only for the 8-carbon of styrene, and hence 
when there is cleavage at the double bond (as is probably the case in the 
formation of the radioactive expired CO.), or at any other point, only the 
fragment containing this carbon is traced. No conclusions can be drawn 
concerning the metabolic fate of fragments not bearing the radioactive 
carbon. Future experiments on this problem, by use of styrene with the 
radioactive carbon in other positions, are planned. 


SUMMARY 


Styrene-6-C™, when injected subcutaneously into rats, is distributed in 
almost all the tissues within an hour. Practically all of the radioactivity 
is eliminated within 35 hours. 

The urine is, by far, the major route of excretion; only a minor amount 
of radioactivity is found in the feces or respiratory COs. 

A small portion of the injected styrene (2 to 3 per cent) is exhaled un- 
changed by the lungs. 
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The radioactive substances in the urine are highly water-soluble and 


are probably in the form of conjugates. More than 60 per cent of the 
radioactive metabolites are extractable with ether after hydrolysis. 


The authors wish to thank Dr. B. 8. Oppenheimer for his generous 


suggestions and encouragement. 
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A SIMPLIFIED PROCEDURE FOR THE ISOLATION OF 
HYPOPHYSEAL GROWTH HORMONE 


By CHOH HAO LI 


(From the Hormone Research Laboratory, University of California, Berkeley, 
California) 


(Received for publication, May 24, 1954) 


In 1945, we described a method for the isolation of growth hormone, 
giving a yield of only 0.04 gm. from | kilo of the anterior lobe of ox pi- 
tuitaries (1). Later, Wilhelmi et al. (2) developed an ethanol fractionation 
technique which improved the yield considerably. In the course of the 
past few years, our original procedure has been simplified and the yield 
has been increased 50-fold. In the following, we shall describe this sim- 
plified procedure. Since it is known that the hormone protein is easily 
denatured (3), all of the steps are carried out at 1°. 

1 kilo of anterior lobes of ox pituitaries is ground and stirred vigorously 
with 2 liters of Ca(OH): solution at pH 10.3 for about 1 hour and is then 
kept frozen for at least 5 or 6 hours. After being thawed, the mixture is 
centrifuged in a Spinco L-shaped ultracentrifuge at a speed of 20,000 r.p.m., 
and the residue washed with 1 liter of Ca(OH): solution at pH 10.3. The 
supernatant fluid and the washing are combined and brought to 0.5 satura- 
tion with respect to ammonium sulfate by the addition of solid (NH,4)2SOx,. 
The precipitate formed is dissolved in 500 ml. of water and dialyzed against 
running water for 16 to 20 hours. After dialysis, a saturated ammonium 
sulfate solution is added until the concentration of (NH,4)2SO, is brought to 
0.2 saturation, and the mixture is adjusted to pH 6.8. The precipitate 
formed is centrifuged and discarded. The supernatant fluid is brought to 
0.4 saturation by the addition of more saturated ammonium sulfate solution 
at pH 6.8, and the precipitate which forms is dissolved in water and dialyzed 
thoroughly until salt-free.' The insoluble material inside the dialysis 
bag is dissolved in 200 ml. of water with the aid of 1.0m HCl. The clear 
acidified solution is adjusted to pH 5.3 with 1.0m NaOH. The precipitate 
formed is removed by centrifugation and discarded. The pH of the super- 
natant fluid is next increased to 6.8, and the flocculent precipitate which 
occurs is dissolved in 100 ml. of water adjusted to pH 10.5 by the addition 
of 1.0m NaOH. The resulting clear solution is adjusted to pH 8.7 with 
10m HCl. After centrifugation, the supernatant fluid is frozen and dried 
inavacuum. The lyophilized product (Fraction A) weighs 3.5 gm. 

1 This may be achieved by electrodialysis, or by dialysis first against running water 
for 16 hours and then against distilled water for 2 days, with frequent change of the 
dialysate. 
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When Fraction A is subjected to electrophoresis in the Perkin-Elmer 
model of the Tiselius apparatus in an acetate buffer of pH 4.0, and 0.03 
ionic strength, for 3600 seconds at a potential gradient of 11 volts per cm., 
the pattern obtained indicates that the material is 90 per cent homogeneous; 
the main component has a mobility of 6.8 & 10-5 cm. per volt per second 
at 1°. A total dose of 0.08 mg. in 4 days causes an increase in the tibia 
width of hypophysectomized female rats of from 150 to 224 yp, determined 
according to the assay technique described previously (4). When this 
preparation is injected subcutaneously into hypophysectomized female 
rats (operated upon at 28 days of age, and the injections begun 14 days 
later and continued for 4 days), a total dose of 2 mg. furnishes detectable 
histological evidence of contamination with thyrotropin. In addition, 
0.1 mg. contains approximately 2 milliunits of corticotropin according to 
the adrenal ascorbic acid depletion test (5), and a total dose of 5 mg. ad- 
ministered subcutaneously over a period of 4 days gives a positive reaction 
for the presence of prolactin in month-old pigeons according to the crop- 
sac minimal stimulation technique (6). 

In order to remove traces of the biologically active impurities and to 
obtain the hormone which will behave as a homogeneous protein according 
to the available physicochemical tests, the following additional steps are 
required. 

3.5 gm. of Fraction A are dissolved in 350 ml. of water adjusted to pH 
4.0 by the addition of 1.0m HCl. To this, a saturated solution of NaCl is 
added dropwise to 0.016 saturation. The precipitate which forms is dis- 
carded after centrifugation. An equal volume of saturated NaCl is added 
slowly to the supernatant fluid. The precipitate is then dissolved in 200 
ml. of water adjusted to pH 10.0 by the addition of 1.0 m NaOH and di- 
alyzed against distilled water for 6 hours with frequent change of the di- 
alysate. The dialyzed solution is adjusted to pH 8.7; if precipitation oc- 
curs, the solution is centrifuged and the precipitate discarded. The pH 
is then adjusted to 6.8 by the addition of 0.1m HCl. After centrifugation, 
the precipitate is dissolved in 150 ml. of water adjusted to pH 9.0 by the 
addition of 1.0 m NaOH and lyophilized; the product is called Fraction B. 
The supernatant fluid at pH 6.8 is next brought to an ethanol concentra- 
tion of 20 per cent by adding very slowly an equal volume of 40 per cent 
ethanol. The precipitate which forms is dissolved in 100 ml. of water 
adjusted to pH 9.0 by the addition of 1.0 m NaOH, and the solution is then 
frozen and dried in a vacuum; the lyophilized white powder is designated 
Fraction C. The yields of Fractions B and C amount to 1.4 gm. and 0.5 
gm. respectively. 

Physicochemical investigations, by means of ultracentrifugation and 
boundary electrophoresis, as well as biological studies, have revealed no 
differences between Fractions B and C. Boundary electrophoresis, ultra- 
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centrifugation, as well as end-group analyses, zone electrophoresis on starch, 
and adsorption chromatography gave no evidence of inhomogeneity in 
either fraction. Results of these homogeneity studies have been reported 
elsewhere (3, 7-10). A total dose of 10 mg. administered over a period of 
4 days produced no histological evidence of the presence of adrenocortico- 
tropic, thyrotropic, or gonadotropic activity in hypophysectomized female 


TABLE I 
Growth-Promoting Activity of Growth Hormone (Fraction B) according to Tibia Test 


Width of uncalcified cartilage 


Total dose No. of rats* 
Mean + s.c. | Difference from control 
me. 
0.00 10 157 + 1.5 0 
0.03 | 11 219 + 3.2 62 
0.08 9 237 + 2.9 80 


* Hypophysectomized female rats (28 days old at operation) were injected intra- 
peritoneally with 0.5 ml. of solution for 4 days beginning on the 14th postoperative 
day; the animals were sacrificed 24 hours after the last injection. 


Il 
Bioassay of Growth Hormone (Fraction C) according to Body Weight Increment 
Produced in Hypophysectomized Rats 


Body weight (mean + s.e.) 


Daily dose | No. of rats® 


Onset | Final |Gain in 10 days 
0.00 10 | 63 + 0.9 64 + 1.6 | 1 
0.01 1! 65 + 1.7 78 + 2.7 | 13 


* Hypophysectomized female rats (28 days old at operation) were injected intra- 
peritoneally with 0.5 ml. of solution once daily for 10 days beginning on the 14th 
postoperative day. 


rats (operated upon at 28 days of age and injected 14 days postoperatively) ; 
a total dose of 5 mg. injected subcutaneously into month-old squabs for 
4 days gave no lactogenic activity. A dose of 0.1 mg. produced no ad- 
renal ascorbic acid depletion in hypophysectomized rats. Bioassay for 
melanophore-expanding activity in hypophysectomized Rana _ pipiens 
showed no intermedin contamination following a dose of 0.2 mg. Ac- 
cording to the tibia width assay method (4), a total dose of 0.08 mg. 
for a period of 4 days induced an increment of the uncalcified cartilage of the 
tibia in hypophysectomized rats (operated upon at 28 days of age and 
injected 14 days postoperatively), amounting to 80 u over the control. 
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In similar experimental animals, a daily dose of 0.01 mg. caused a 12 gm. 
increase in body weight in a period of 10 days. Tables I and II summarize 
the results of the assay data. Thus, the growth-promoting activity of 
Fractions B and C is practically identical to that of the preparation re- 
ported earlier (1). 


SUMMARY 


A simplified procedure for the isolation of growth hormone, which yields 
an average of 2 gm. of the hormone from 1 kilo of ox anterior pituitaries, 
has been described. 


The author wishes to thank R. L. Wilcox, C. W. Jordan, and H. Papkoff 
for their able technical assistance. This work is supported in part by the 
American Cancer Society on recommendation of the Committee on Growth 
of the National Research Council, and by the Albert and Mary Lasker 
Foundation. 
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THE CONVERSION OF URIC ACID TO ALLANTOIN IN THE 
NORMAL AND GOUTY HUMAN* 


By JAMES A. BUZARD,t CHARLES BISHOP, ann JOHN H. TALBOTT 


(From the Departments of Biochemistry and Medicine and the Chronic Disease Research 
Institute of the University of Buffalo School of Medicine, and the Buffalo General 
Hospital, Buffalo, New York) 


(Received for publication, March 12, 1954) 


Although Wiechowski demonstrated the presence of allantoin in human 
urine as early as 1909 (1), the processes which lead to its formation have 
not been clearly elucidated. It has been assumed for a number of years 
that human urinary allantoin results from preformed allantoin which is 
ingested (2). Because of its importance in the purine metabolism of 
mammals other than man, the presence of allantoin in human urine is of 
especial interest. Recent studies at this laboratory have demonstrated 
that approximately 75 per cent of an intravenous dose of N'®-uric acid can 
be accounted for as urinary uric acid and fecal nitrogen in the gouty hu- 
man, as contrasted with approximately 95 per cent in the normal person 
(3). On the basis of these figures, the conversion of any significant amount 
of uric acid to allantoin seems unlikely in the normal human, but this 
conversion might be of importance in the gouty individual. _ 

The present paper reports a modification of Wiechowski’s method for 
the isolation of allantoin from human urine and the results of its applica- 
tion to a study of the conversion of uric acid to allantoin in the normal 
and gouty human. 


EXPERIMENTAL 


N"-Urie acid was prepared according to the method of Cavalieri et al. 
(4) and injected as described previously (5). N'*-Allantoin for the isotope 
dilution procedure was prepared from labeled uric acid by alkaline per- 


*The data in this paper were submitted by James A. Buzard to the Graduate 
School of Arts and Sciences of the University of Buffalo in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Biochemistry. This work 
was supported in part by grants from the National Institutes of Htalth, United 
States Public Health Service, Bethesda, Maryland, the Buffalo Chapter of the Arthri- 
tis and Rheumatism Foundation, Mrs. Kathleen B. 8. Chard, Cazenovia, New York, 
and Alton Wood, Eden, New York. A preliminary report was presented before the 
Federation of American Societies for Experimental Biology, Atlantic City, April, 
1954. 

t Present address, Biology Division, Eaton Laboratories, Inc., Norwich, New 
York. 
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manganate oxidation (6). Isotope analyses were performed in the usual 
manner (5). 

A normal subject (J. B., a 26 year-old white male) and a gouty subject 
(G. S.,! a 65 year-old white male with a 40 year history of gouty arthritis) 
were intravenously injected with 100.0 mg. of 14.81 atom per cent excess 
N® uric acid (0.353 mmole of N'*). Urine was collected and allantoin 
isolated as described below. The amount of urinary allantoin was deter- 
mined by the isotope dilution method (7). 

Allantoin was isolated from human urine in the following manner: from 
each 24 hour sample, two 400 ml. aliquots were taken for isotope dilution 
analysis. To one of these (the AL-A aliquot) were added 400 mg. of 
allantoin of approximately 0.5 atom per cent excess N'*. To the other 
(the AL-B aliquot) were added 400 mg. of allantoin®? of 0.010 atom per 
cent excess N'®. The allantoin in each supplemented urine sample was 
precipitated by the addition of 150 gm. of sodium acetate and 30 gm. of 
mercuric acetate, each dissolved in water. After 3 hours in the refrigera- 
tor, the mercury precipitate was centrifuged and washed three times with 
cold distilled water, suspended in about 150 ml. of water, and decomposed 
with H.S. Excess H.S was removed by aeration and the mercuric sulfide 
was centrifuged. The supernatant liquid was filtered and 30 ml. of a 
solution of phospho-24-tungstic acid (1 gm. per ml.) (8) were added to 
precipitate certain non-allantoin nitrogenous compounds. The precipitate 
was centrifuged and the supernatant liquid freed of excess phosphotungstic 
acid by the addition of 60 ml. of a saturated solution of basic lead acetate 
(8). The lead phosphotungstate was centrifuged and excess lead removed 
from the supernatant liquid by the cautious addition of 5 ml. of concen- 
trated sulfuric acid, the solution being kept cool by intermittently chilling 
the container with dry ice. The lead sulfate was centrifuged and the acid 
solution neutralized to pH 7.0 with 10 N NaOH. When 75 gm. of sodium 
acetate and 15 gm. of mercuric acetate, each dissolved in water, were added 
to the neutralized solution, a fine white precipitate formed which was 
washed three times with cold distilled water, suspended in about 25 ml. of 
water, and decomposed with HS. After aeration to remove excess HS 
and centrifugation, the supernatant liquid was concentrated under vacuum 
to about 3 ml.* The fine white crystals which formed were centrifuged, 
washed three times with absolute alcohol, and filtered. 


1G.S8. was maintained on colchicine (2 K 0.5 mg. daily) throughout the experiment. 
This subject was hospitalized and maintained on a standard low purine diet. 

? Fisher Scientific Company reagent allantoin was dissolved in hot water, decolor- 
ized with Norit A and precipitated from the filtrate, under vacuum. The precipi- 
tated allantoin was washed with absolute alcohol and filtered. This product was 
found to have a normal abundance of 0.010 atom per cent excess N*. 

* If this final solution was taken to dryness, the crude isolated allantoin was found 
to contain ultraviolet light-absorbing impurities, showing maximal absorption 
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These crystals were shown to be allantoin by one-dimensional descending 
chromatographic analysis according to the method of Berry et al. (9). 
Allantoin was reported by these workers to move to an R, of 0.45 in a 
water-phenol-citrate system. ‘The isolated crystals alone and in mixture 
with recrystallized reagent allantoin? moved to an R, of 0.43. 

The isolated allantoin was shown to be a single substance by counter- 
current distribution in n-butanol and 1 m phosphate buffer, pH 6.0, in the 
twenty-four tube apparatus of Craig and Post (10). Allantoin was deter- 


018 - 


O16 - THEORETICAL 


o 014- ¢ 5 © EXPERIMENTAL 


- 
008 - 


TUBE NUMBER 


Fic. 1. Counter-current distribution of isolated allantoin in n-butanol and 1 m 
phosphate buffer, pH 6.0. 


mined in each tube by the colorimetric method of Young and Conway 
(11). The experimental and theoretical distributions are illustrated in 
Fig. 1. 

The corrected melting point of the isolated allantoin was 234.6-235.2° 
(reported 235.0°) (12). The nitrogen analysis (13) was 35.31 per cent 
(calculated 35.44 per cent N). 


Results 


The findings of these experiments are summarized in Tables I and II. 
The amount of allantoin present in each aliquot was determined from the 


around 262 my. Allantoin isolated by the crystallization described above did not 
contain these impurities and exhibited only non-specific end-absorption in the ultra- 
violet region, identical with purified reagent allantoin. 


ial 
is) |} 
in | 
| 
= 
m 
of 
er 
er | 
as 
of N 
a- ~ ¢ 
th < 
da | 
le | ° 
a / \ 
\ 
ic 
*\ | 
‘000 


562 ALLANTOIN FORMATION IN MAN 


N*® dilution in the AL-A samples of allantoin. From the sixth column it 
can be seen that only 2.14 to 0.59 mmoles of allantoin nitrogen were ex- 
creted in the urine of these subjects per day (24 to 83 mg. of allantoin),. 


In order for this small amount of allantoin to contain significant amounts | 


of N™, the N'® concentration of the urinary allantoin would have to be 


TaBie I 
Recovery of Injected N**-Uric Acid (0.3538 mmole of N**) As Urinary 
Allantoin in Normal Subject, J. B. 


AL-A aliquots Urinary allantoin | AL-B aliquots 
0.554 atom | 0 010 atom | 
Sam Time af j 
allantoin allantoin squot | factor allantoin allantoin 
added times X) added 
(a) (Ca + 2) (xX) (6) (Co + 2) 
days mmoles N mmole N mmoles N mmoles N 
1-AL-1 1.01 10.12 0.525 0.559 1.90 10.14 0.010 
1-AL-2 1.97 10.12 0.525 0.559 1.93 10.12 0.008 
1-AL-3 3.00 10.12 0.529 0.478 1.33 10.12 0.008 
1-AL-4 4.00 10.14 0.514 0.789 2.09 10.12 0.011 
1-AL-5 4.99 10.14 0.531 0.440 1.35 10.12 0.010 
1-AL-6 5.99 10.14 0.506 0.961 2.14 10.12 0 008 
1-AL-7 7.00 10.14 0.520 0.663 1.68 10.14 0.005 
Total allantoin N excreted................... | 12.42 | 


* Calculated from the determined dilution in the AL-A aliquot allantoin by the 
isotope dilution method (Sample 1-AL-1 as an example), 


Ce 
x =o -1) or x = 10.12( 5555 ~ 1) 


Recovery of unlabeled allantoin added to human urine was found to be 111.5 to 
116.7 per cent in five cases. The values in Tables I and II have not been corrected 
for such an error, since the data would not be significantly altered. 


quite high. If the urinary allantoin had contained a high N'* concentra- 
tion, the allantoin isolated from the AL-B aliquots (those to which 0.010 
atom per cent excess N'® was added) would have contained appreciably 
more than 0.010 atom per cent excess N'*. None of the AL-B allantoin 
samples contained significantly more than 0.010 atom per cent excess 
N*® (last column). It follows that the urinary allantoin itself could not 
have contained markedly more than 0.010 atom per cent excess N'*. If 
the assumption is made that the urinary allantoin contained as much as 
0.010 atom per cent excess N'* during each period, then the total amount 
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of urinary allantoin N'* throughout the experiment would be equal to the 
total amount of allantoin N excreted < 0.00010 (atom fraction excess N'5). 
In the normal subject a total of 12.42 mmoles of allantoin nitrogen was 
excreted over 7 days. This would account for 0.00124 mmole of N' or 
0.35 per cent of the injected N*®. A similar calculation in the case of the 
gouty subject would account for 0.17 per cent of the injected N'®. These 
figures indicate that a negligible amount of uric acid is excreted as urinary 
allantoin. 


Taste Il 


Recovery of Injected N**-Uric Acid (0.353 mmole of N**) As Urinary 
Allantoin in Gouty Subject G. S. 


AL-A aliquots Urinary allantoin AL-B aliquots 
0.507 atom | 0.010 atom | 
Sa Ti f 8 j | 
No | infoction | | | | Total dite | | 
| allantoin allantoin aliquot | tion factor | llantoin —allantoin 
| added __ times added 
(a) (Ca + z) (X) | (b) (Co 
| days mmoles N atom por cont) mmole N | mmoles N | mmoles N omekces _ 
2-AL-1 0.88 10.12 0.500 0.142 40.59  £«:10.12 | 0.009 
2-AL-2 1.90 | 10.13 0.490 | 0.352 1.34 | 10.12 0.010 
2-AL-3 29 $10.13 £0.499 0.352 1.56 #£#$10.12 0.006 
2-AL-4 | 3.88 10.12 0.491 0.329 | 10.12 | 0.007 
2-AL-5 | 4.89 | 10.11 0.495 0.245 =<0O.86 10.12 | 0.006 
2-AL-6 5.87 10.12 | 0.497 0.202 0.63 $1930.14 0.005 
Total allantoin N excreted. 5.89 


_— - 


* See fest. note to Table I. 


DISCUSSION 


It has been demonstrated in one normal and one gouty human subject 
that there is no quantitatively significant conversion of injected uric acid 
to urinary allantoin. From the isotope dilution data presented it has 
been shown that only 0.6 to 2.1 mmoles of allantoin nitrogen (24 to 83 mg. 
of allantoin) is excreted in the urine of these individuals per day. These 
findings, together with others previously presented (3) strongly suggest 
that uricolysis does not occur in the normal human, and that, if uricolysis 
does occur in the gouty human, allantoin is of no significance. No attempt 
was made to determine other sources of the urinary allantoin in the hu- 
man, but it seems likely that ingestion of preformed allantoin may account 
for this urinary allantoin, as has been suggested by Ackroyd (2). 
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SUMMARY 


The conversion of uric acid to allantoin in the human has been investi- 


gated by injecting N'-uric acid intravenously. A method for isolating 
allantoin from human urine for use with an isotope dilution determination 
of urinary allantoin has been described. The application of these methods 
to one normal and one gouty human subject has demonstrated that there 
is no significant conversion of injected N" uric acid to urinary allantoin 
in these subjects. 
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ISOLATION OF A MUCOPROTEIN FROM CARTILAGE* 


By JENNIE SHATTON ann MAXWELL SCHUBERT 


(From the Department of Chemistry and the Study Group on Rheumatic Diseases, 
New York University College of Medicine, New York, New York) 


(Received for publication, June 16, 1954) 


The condition of the chondroitin sulfate in native cartilage needs clar- 
ification. Meyer and Smyth (1) suggested that the major portion of car- 
tilage was a salt, a protein chondroitin sulfate. Collagen is the only protein 
present in sufficient amounts to be the cation in such a salt. Partridge (2) 
isolated a product he considered to be a mucoid composed of chondroitin 
sulfate and a protein assumed to be derived from collagen. He considered 
this mucoid to be different from a protein salt. In the most recent dis- 
cussion of this point Meyer (3) concludes that, while the nature of the com- 
plex of chondroitin sulfate and protein in hyaline cartilage is not yet clear, 
existing evidence indicates a salt-like combination of polysaccharide and 
protein. 

During a study of the material most easily extracted from native cartilage 
it was found possible to isolate a product consisting of polysaccharide and 
protein that behaves as a compound; that is, a mucoprotein or mucoid in 
the classification of Meyer (4). It is likely that this mucoprotein exists as 
such in the native cartilage and accounts for the binding of a part of the 
chondroitin sulfate. 


EXPERIMENTAL 


Isolation of Mucoprotein and By-Products—<Al\ solvents, reagents, and 
equipment were chilled to about 1° before use. Up to the point at which 
the crude mucoprotein was isolated in dry form, all operations except di- 
alysis were carried out at about 1°. Fresh bovine nasal cartilage from 
which all perichondrium had been cleaned was diced and ground in a meat 
grinder operated intermittently to avoid warming. A sample of the ground 
material was dehydrated in absolute aleohol, then ether, and dried in vacuo 
to determine dry weight and hexosamine content. The freshly ground 
cartilage (1000 gm.) was stirred with water (6 liters) and toluene (20 ml.) 
for 24 hours. The liquid was squeezed out by hand in cheese-cloth. Sim- 
ilar successive extractions of the cartilage were made, 4 liters of water and 
20 ml. of toluene being used each time. Extractions after the second were 


* This work was supported in part by research grant No. A28(C) from the National 
Institute of Arthritix and Metabolic Diseases of the National Institutes of Health, 
United States Public Health Service, and in part by the Masonic Foundation for 
Medical Research and Human Welfare. 
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made for progressively longer times, as shown in Column 2, Table I. Each 
extract was centrifuged and dialyzed against cold running tap water for 
4 days. To the liquid, 2 volumes of alcohol were added and the mixture 
was allowed to stand for 1 day. The precipitated material was separated 
in a centrifuge, washed with absolute alcohol and ether, and dried in vacuo. 
This product is listed in Table I, Column 3. To the clear liquid separated 
from the alcohol precipitate was added an aqueous solution of potassium 
acetate (240 ml. containing 240 gm. of potassium acetate). An immediate 


Taste I 


Yields and Analytical Data of Products from Successive Aqueous Extracts of 
1 Kilo of Fresh, Wet, Ground Cartilage 


Mucoprotein pptd. after adding potassium acetate 
No. of Duration of | Products, 
extraction extraction alcohol Weight of 
product Daily yield N Hexosamine 
(1) (2) (3) (4) (5) (6) (7) 

days gm. gm. sm. per cont per cenk 

1 1 11.92 12.25 12.25 5.18 16.7 

2 1 3.46 6.04 6.04 5.14 17.4 

3 3 4.00 7.00 2.33 5.20 17.1 

4 3 3.59 4.25 1.41 5.13 18.0 

5 ll 3.63 5.32 0.48 4.99 18.2 

6 10 2.57 2.96 0.30 4.66 16.1 

7 12 1.97 2.67 0.22 4.43 20.3 

s 10 1.44 2.30 0.23 4.23 19.4 

3) 14 1.04 2.81 0.20 3.85 18.3 
10 14 0.47 2.47 0.18 3.44 19.7 
11 13 0.59 2.55 0.20 3.36 21.3 
12 5 20.95 4.19 3.64 20.9 
13 5 9.91 1.98 3.09 | 19.2 


flocculent precipitate of the mucoprotein was formed. After standing a 
day this was removed by centrifuging, washed with absolute alcohol and 
ether, and dried in vacuo. The weights of products obtained by precipi- 
tation with potassium acetate together with some analytical data are listed 
in Table I, Columns 4 to 7. 

After eleven such extractions with water covering 92 days, about 50 per 
cent of the total hexosamine of the original cartilage had been recovered 
in the products isolated. The residual cartilage was extracted twice, as 
described in previous work (5), with 4 liters of an aqueous solution con- 
taining 1200 gm. of KCl and 40 gm. of K:CO;. Each of these extracts was 
dialyzed, evaporated in vacuo to 500 ml., and potassium acetate (40 gm.) 
was added. The crude mucopolysaccharide was precipitated by the ad- 
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dition of alcohol (1 liter). These products are listed in Table I as Extrac- 
tions 12 and 13. They account for 32 per cent of the hexosamine of the 
original cartilage. 

A summary of the distribution of the hexosamine among the products 
isolated is given in Table II. The original cartilage had a dry weight of 
23.1 per cent of its wet weight. The hexosamine content of this dried 
cartilage was 9.11 per cent. After the eleven water extractions, the resid- 
ual wet cartilage weighed 1314 gm. A sample (100 gm. or 7.6 per cent) 
had a dry weight of 11.3 per cent and a hexosamine content of 7.70 per 
cent. After two further extractions with the KCl-K,CO; solution, the 


Taste Il 


Distribution of Hezosamine of Original Cartilage among Products Isolated 
and Residual Cartilage 


Starting 
Content | hexosamine 
gm. | per cent 
Water extracts; protein pptd. 1.81 | 8.6 
mucoprotein pptd. with potassium ace- 
Water extracts; mucoprotein pptd. with potassium ace- | | 
| 3.01 | 14.2 
KCI-K,CO, extracts (corrected for 100 gm. wet cartilage | 
Final residual cartilage (corrected for 100 gm. wet carti- | 


residual wet cartilage after dialysis weighed 846 gm. This had a dry 
weight of 11.0 per cent and after drying had a hexosamine content of 2.43 
per cent. These data, together with those of Table I, permit complete 
calculation of the distribution of hexosamine among the products of ex- 
traction of the cartilage as shown in Table II. 

Two of the products listed in Table II are only of secondary interest in 
the present work. First, there is the material extracted with water and 
precipitated by alcohol in the absence of salt. This consists mainly of 
protein. Its nitrogen content is between 11 and 13 per cent, its hexosamine 
content between 4 and 7 per cent. Its removal is a convenient way of 
getting rid of protein that would otherwise contaminate the mucoprotein 
subsequently precipitated on addition of potassium acetate. This protein 
precipitated by alcohol probably contains some collagen or procollagen, 
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since a number of samples have shown hydroxyproline content of 3.6 to 
5.8 per cent. 

The second product of casual interest at present is the crude mucopoly- 
saccharide, isolated after the water extractions, by the use of KCI-K:.CO; 
solution. Crystalline calcium chondroitin sulfate can be obtained from 
this crude material after sixteen successive treatments with kaolin. 

Properties of Mucoprotein—The crude mucoprotein is the material pre- 
cipitated from the aqueous alcoholic solutions on the addition of potassium 
acetate. The eleven products account for 43 per cent of the hexosamine of 
the cartilage. Of these, the first three have a constant content of hexosa- 
mine and nitrogen and are rather pure mucoprotein. They dissolve slowly 
in water only when stirred continuously and yield viscous opalescent so- 
lutions. Solutions as concentrated as 1 per cent have been made, but it is 
difficult to make solutions more concentrated. Pure potassium chondroitin 
sulfate on the other hand dissolves far more easily in water, and solutions 
as concentrated as 10 per cent are easily made, are perfectly clear, and are 
not very viscous. 

The potassium salt of the mucoprotein has been subjected to a series of 
precipitations to try to purify it. To a solution in water (0.2 per cent) 
sometimes the alcohol (2 volumes) was added first and then potassium 
acetate; sometimes the potassium acetate was added first and then alcohol 
(1 volume). In the latter case precipitation began only after the solution 
was chilled. The products obtained in either way or by a succession of 
such precipitations have the same composition as shown in Table III. To 
a solution of the potassium salt in water (0.2 per cent) there was added 
barium acetate to give a 1 per cent solution and then alcohol until precipi- 
tation of the barium salt of the mucoprotein began (0.5 volume of alcohol). 
Analyses of barium salts are also included in Table III. Finally a luteo- 
cobaltic salt was prepared by adding to the potassium or barium salt in 
water a solution of luteocobaltic chloride. This salt of the mucoprotein is 
insoluble in water and precipitated directly. Analyses of this salt are also 
included in Table III. The constancy of composition of these salts is the 
first evidence that the mucoprotein is a compound. Analytical methods 
are the same as described in previous work (6). The method for protein 
is a quantitative biuret reaction of Lospalluto and Weber.' As a standard, 
serum was used, and so the absolute values of the protein content of the 
mucoprotein cannot be considered correct. 

Determination of the hydroxyproline content of the potassium salt of the 
mucoprotein by the method of Troll and Cannan (7) gave values always 
less than 0.05 per cent. The protein component is therefore not collagen. 
Use of the Folin-Ciocalteu reagent (8) on an acid hydrolysate of the muco- 


1 Lospalluto, J., and Weber, I., personal communication. 
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protein gave a value of 6 per cent for the tyrosine content. Since the total 
protein is only about 30 per cent, this is an unusually high proportion of 
tyrosine. 

From the method of preparation it seemed likely that the mucoprotein 
might contain free protein and free mucopolysaccharide as impurities. 
This possibility was investigated. 


Ill 
Analytical Data on Purified Salts of Cartilage Mucoprotein 
Ratio of | | 
Salt and preparation - N uronic > (K, Ba, Water 
pret amine | henos- “acid. (biuret) 


per cent per cont per cont per cont 


— 


‘per cent per cent | 


Potassium 
Pptd. with alcohol 2 times | 17.3| 5.3] 3.9 | | | 
(17.1) 5.0) 3.7 | 17.5) 26.2, 9.0) 7.8 
| §.1 | 3.9 | 
(18.1) 5.5 3.9 | 
« 175 5.5| 4.0 19.4 8.3 112 
Kaolin-treated once and pptd. | 17.6 | 5.4 | 3.9 | | | 
once with alcohol | 
Barium | 
Pptd. with alcohol 2 times | 4.9) 3.9 
14.5/ 4.9 4.3 
15.2 46 3.9 15.6 30.5 16.6 8.7 
Luteocobaltie acid 
Pptd. from solution of Ba salt 14.9 | 9.7 8.3 | 
erude K | 15.2! 11.0 9.3 
salt | | 
Pptd. from solution of purified 15.3) 11.0 9.2 
K salt | | 
7 17.3 2.9 


16.6 11.3. 8. 


A solution of the mucoprotein (1 per cent) gave no precipitate with any 
of the common protein precipitants. Acetic acid did not produce a mucin 
clot or turbidity such as is produced in an equivalent solution of potassium 
chondroitin sulfate containing added serum protein. 

A further attempt to detect or remove free protein was made by re- 
peated treatment of an acidified solution with kaolin. Starting with a 0.2 
per cent solution, the optical density of each filtrate, read in a 1 em. cell 
with a Beckman spectrophotometer at 280 my, showed a smooth fall from 
0.860 to 0.073 after each of twelve such kaolin treatments. At this stage 
it is no longer possible to precipitate any mucoprotein or even chondroitin 
sulfate from the remaining solution. Thus as the protein is removed, the 
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mucopolysaccharide is simultaneously removed. This behavior is in sharp 
contrast to that previously described for crude chondroitin sulfate (6) 
which was stirred in acid solution with similar amounts of kaolin up to 
twenty times in order to obtain a polysaccharide solution pure enough to 
crystallize. The simultaneous removal of protein and mucopolysaccharide 
from acidified solution of the mucoprotein by adsorption to kaolin is further 
evidence that they are combined. The composition of mucoprotein that 
remains in solution after a single kaolin treatment and is then precipitated 
with alcohol is included in Table III. Similar treatment with kaolin of the 
eleventh extract of mucoprotein gives different results. The initial density 
is much lower (0.252) and reaches a constant density after only four kaolin 
treatments. After ten such kaolin treatments the mucopolysaccharide has 
been isolated from the solution in a yield 24 per cent of the weight of the 
mucoprotein used. This suggested that there was a progressive change in 
the composition of the eleven crude mucoprotein products isolated, the first 
few containing no free mucopolysaccharide, the eleventh 24 per cent, as 
determined by the amount not adsorbed by kaolin. 

An indepéndent way of showing this is by ultrafiltration experiments, as 
suggested by the work of Ogston and Stanier (9). The filter used was a 
Pyrex fritted glass bacterial filter (10), through which potassium chon- 
droitin sulfate in aqueous solution passed completely. The mucoprotein 
of the first three extracts did not pass through at all. In order to be sure 
that potassium chondroitin sulfate could be separated from mucoprotein 
by ultrafiltration if it were present, the appropriate experiment was set up. 
Filtration of a solution containing both mucopolysaccharide and muco- 
protein showed that 89 per cent of the mucopolysaccharide added could be 
recovered from the filtrate. Filtration of the crude mucoprotein from the 
later extracts of cartilage (fourth to the eleventh) showed the presence of 
free chondroitin sulfate in amounts progressively increasing from 7 to 32 
per cent. 

An interesting property of the mucoprotein is that the viscosity of its 
solutions is rapidly depressed on addition of either trypsin or testicular 
hyaluronidase. A solution of the potassium salt of the mucoprotein (0.4 per 
cent) in phosphate buffer (0.05 m, pH 7.0, containing NaCl 0.3 per cent) 
had a relative viscosity of 2.4 unchanged in 4 hours at 25° in an Ostwald 
viscometer. The same solution, containing in addition 100 y of erystal- 
line trypsin, showed a drop in viscosity in 1 hour to 1.3; with 1.3 mg. of 
hyaluronidase (Wyeth Hydase) the viscosity dropped in the same time to 
1.7. Under the same conditions neither lysozyme (100 y) nor ascorbic 
acid (10 mg.) had any effect on the viscosity of the mucoprotein solution. 
The trypsin not only causes a rapid drop in the viscosity of the mucopro- 
tein solution but there is a parallel clarification of the opalescence. 
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After such a trypsin digestion, pure chondroitin sulfate was isolated. 
Mucoprotein (1.00 gm.) in a phosphate buffer (200 ml., 0.05 m, pH 7.0) 
digested for 16 hours by addition of trypsin (4 mg. of Tryptar) yielded 
690 mg. of crude polysaccharide which was purified by further treatment 
with kaolin and converted to the crystalline calcium salt with a specific 
rotation of —29° (6). 

Dr. lone Weber very kindly made an electrophoretic study of a sample 
of this mucoprotein prepared from the crude material by four successive 
precipitations from water with alcohol and potassium acetate. The so- 
lution used was 0.30 per cent mucoprotein in 0.1 mM acetate buffer, pH 4.62. 
The patterns obtained after 90 and 140 minutes at 0°, and a gradient of 
4.4 volts per cm. showed two sharp peaks very close together. Analysis 
of the curve indicates the mucoprotein to consist of two components of 
very similar mobilities; two-thirds with a mobility of 13.3 and one-third 
with a mobility of 13.8 X 10-5 cm.? per volt per second. 


DISCUSSION 


While it has been generally suspected (3) that the chondroitin sulfate 
of cartilage is at least in part bound to protein, there are no existing data 
on the fraction bound nor whether the bound fraction is all associated with 
the same protein. The work reported shows that at least a third of the 
chondroitin sulfate of native cartilage is bound as a water-soluble muco- 
protein, the protein component of which is not collagen. The mucoprotein 
of the first three water extracts is isolated under conditions mild enough 
to make it likely that it exists as such in the native cartilage and contains 
no free chondroitin sulfate. After this mucoprotein has been separated 
from the cartilage, continued extraction with water for a further 2} months 
gives a smaller amount of material at a very slow rate. This material is a 
mixture of mucoprotein and chondroitin sulfate. The mucoprotein is the 
fraction adsorbed to kaolin or not passing through an ultrafilter. At this 
stage, half the chondroitin sulfate is still attached to the residual cartilage. 
The major part of this half is easily removed in two extractions with a so- 
lution of potassium chloride and potassium carbonate. 

A provisional interpretation of these experiments could be that about a 
third of the chondroitin sulfate of cartilage is in the water-soluble muco- 
protein and about a half is bound to the insoluble cartilage matrix, possibly 
the collagen. 

The mucoid material described by Partridge (2) was made under con- 
ditions, z.c. heat shrinkage and calcium chloride treatment, which tend to 
carry degraded collagen into solution. Such protein impurities are very 
difficult to remove subsequently and make it almost impossible to prepare 
a pure mucoprotein. It is therefore not surprising that the material pre- 
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pared in this way was of a much higher nitrogen content (8 to 12 per cent) 
than that described here, and that on electrophoresis it showed two or three 
components of widely different mobilities. Blix (11) studied electrophor- 
etically an aqueous extract of cartilage and found two components of which 
the faster had a nitrogen to hexosamine ratio of 4.7. This is near the ratio 
4.0 found for the potassium and barium salts listed in Table ITI. 

The existence of the mucoprotein in native cartilage could explain some 
odd properties attributed to chondroitin sulfate. In a previous study on 
crystallization of calcium chondroitin sulfate (6) it was pointed out that a 
large number of treatments with kaolin (sixteen were later adopted as best) 
were necessary to get crystalline products from ordinary chondroitin sul- 
fate. It seems likely that what was being removed was contaminating 
mucoprotein. Such contaminating mucoprotein would be difficult to de- 
tect since protein precipitation tests would reveal nothing and the presence 
of 10 per cent of mucoprotein (nitrogen, 5.4 per cent) in chondroitin sulfate 
(nitrogen, 2.3 per cent) would elevate the nitrogen content to only 2.6 per 
cent. The presence of mucoprotein in chondroitin sulfate preparations 
could markedly alter molecular weights determined by osmotic pressure 
and might account for the spread of value. found by Mathews and Dorf- 
man (12) for different preparations. The presence of mucoprotein would 
particularly affect viscosity measurements on chondroitin sulfate such as 
those of Blix and Snellman (13). 

Another interesting property of the mucoprotein is its breakdown by 
trypsin, evidenced by loss of viscosity. It has been pointed out by Duran- 
Reynals (14) that not all spreading factors are hyaluronidase-like enzymes. 
It is possible that what is called depolymerization of ground substance (15) 
could be a splitting of a mucoprotein similar to that of cartilage rather than 
to breakdown of mucopolysaccharide. 


SUMMARY 


Aqueous extraction of fresh bovine nasal cartilage at 1° gave a product 
consisting of 30 per cent protein, 60 per cent potassium chondroitin sulfate, 
and 10 per cent water. This material behaved as a compound of protein 
and polysaccharide when precipitated as potassium barium, or luteoco- 
baltic salts Free protein could not be detected by protein precipitants. 
Free chondroitin sulfate could not be detected by ultrafiltration in the 
first products extracted but was found in the later products. Electro- 
phoresis indicated two components with only a + per cent difference in 
mobility. It is concluded that the material is a mucoprotein or two elec- 
trophoretically similar mucoproteins existing in native cartilage. The 
protein component is not derived from collagen. 
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After a single injection of uniformly labeled glucose-C™ into rats (1) and 
dogs (2), the specific activity of plasma glucose, highest immediately after 
the injection, declines exponentially. The decline is due to a progressive 
replacement of the tagged compound with relatively non-labeled glucose. 
The slope or rate constant of the decay curve denotes the rate of turnover 
of the glucose pool expressed as the fraction of its total glucose content 
replaced per unit of time. The curve of specific activity for expired CO: 
at first rises gradually, and then, after reaching a peak at approximately 
1 hour, declines with a slope somewhat less than that of glucose. As 
pointed out by Stetten et al. (3), this curve is incompatible with the assump- 
tion of a one pool model which was made by earlier workers (1) who studied 
glucose oxidation rates. However, the contour of the CO: curve is com- 
patible with that of a glucose end-product incorporating C™ atoms which 
have traversed at least two sizable pools, each with a turnover time of ap- 
preciable magnitude. One of these pools is obviously glucose. Another 
one which is known to exist in the direct pathway of glucose degradation 
is the large reservoir of HCO3-COs. 

If it is assumed that the two pools mentioned above are the only sizable 
ones in the pathway of early glucose degradation, the rates of glucose oxi- 
dation may be estimated. The mathematical treatment of the kinetics of 
enrichment and dilution of tracer material passing through a two pool 
series is well known. An exponential formula, long in use to describe 
radioactive transformations (4), has been applied both in metabolic prob- 
lems (5-13) and in studies of blood flow in which dye dilution was employed 
(14). For application of the formula in the present study the rate con- 
stants of turnover for the glucose and HCO;-CO: pools must be known. 
That of glucose may be approximated, while that of HCO;-CO2 may be 
either independently measured or calculated. It is important to note that 
the classic formula which describes the concentration of test material in 
the second pool is ordinarily applied on the assumption that enrichment 
and dilution of this pool are accomplished without entrance of diluting 
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material except from the first pool. In the body such is not the case. The 
HCO 3-COs: pool also may be diluted by COs. derived from essentially un- 
labeled stores of protein and fat and from metabolites of glycogen not 
diverted to the glucose pool. The time-concentration curve of C™ in CO, 
would thereby be symmetrically depressed below the curve expected if 100 
per cent of the CO. were derived from glucose. 

In the present study the per cent CO. derived from glucose is estimated 
by comparison of the height of the observed COQ, curve with that of a theo- 
retical curve if glucose were the sole source of COe. Approximations have 
also been made of the rate of glucose combustion, the size of the glucose 
pool, and its volume of distribution in normal humans. In addition, spe- 
cific activity-time curves of excreted C™O, following the intravenous injec- 
tion into humans of fructose-C™, acetate-1-C™, and bicarbonate-C™ are 
presented as evidence in support of theoretical considerations. Finally, 
the data of Feller ct al. (2) have been recalculated by this method. The 
rates of glucose oxidation in dogs were found to compare more favorably 
with the results obtained by a different technique; namely, that of constant 
infusion of glucose-C™ (15). 


EXPERIMENTAL 


Glucose-C™ (approximately | mmole, specific activity, 90 we. per mmole) 
in a volume of 9.0 to 10 ec. of isotonic saline was injected intravenously 
into each of four subjects considered normal with respect to carbohydrate 
metabolism (Table 1). Patients, at rest throughout the experimental 
period, were injected with tracer C™ in the morning; blood and breath 
samples were collected for a period of 6 to 8 hours thereafter. 

At least four successive venous blood samples were drawn from 1 to 8 
hours after the injection of the labeled glucose. Plasma was separated 
from blood cells, deproteinized according to Somogyi (16), and concen- 
trated under vacuum to a volume of 2 cc. prior to the addition of phenyl- 
hydrazine hydrochloride and Na acetate (9.6 mg. and 8.2 mg., respectively, 
per mg. of glucose). Phenylglucosazones were then prepared at pl 5, 
washed with water and ether several times, redissolved, filtered, recrystal- 
lized from 30 per cent ethanol, isolated, suspended in 30 per cent ethanol 
in HO, and plated directly on tared, flat, aluminum disks for the deter- 
mination of specific activity. The osazones obtained in this manner had 
melting points agreeing closely with those of authentic phenylglucosazone 
samples prepared from p-glucose. Further purification failed to alter 
either the melting point or the color of the crystals. Passage of the So- 
mogyi filtrate over Duolite C-3 and A-4 cation and anion exchange resins 
resulted in osazones having specific activities practically identical with those 
found when this procedure was omitted. Approximately 2 mg. of osazone 
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were plated on the disks; weighings were accurate to +0.05 mg. An em- 
pirically determined correction factor was used to convert the counts per 
minute of osazone-C' on aluminum to counts per minute of an infinitely 
thin layer of BaC™O,; on filter paper. Samples were counted under an 
ordinary shielded, thin, end window Geiger tube, having an over-all effi- 
ciency estimated at 8 per cent. 

Breath samples, for assay of COs, were collected for exactly 1 minute 
in an apparatus such as that illustrated in Fig. 1. It consisted simply of 
an aviator’s oxygen mask, equipped with inlet and outlet valves, connected 


TaB_e I 
Information on Subjects Used in Glucose-C'* Experiments 


Subject a, = Age Sex Height | Weight Diagnosis 
meg. percent | yrs. cm. keg. 
Nl 87 24 | M. 175 | 72 | Remote hemiplegia 
N2 99 | 45 | F. | 157 65 Carcinoma of breast with metastases 
N3 92 7 M. 179 90 Conversion reaction, chronic 
N4 92 76 F. 162 65 Hiatus hernia 


The subjects were fasted for 16 hours prior to the start of and during the experi- 
ment with the exception of Subject N1, who ate a meal approximately 4 hours after 
the experiment was begun. Water was allowed ad libitum. The preexperimental 
diet (about 3000 calories) consisted of approximately 59 per cent carbohydrate, 23 
per cent fat, and 18 per cent protein. (Normal Subjects N5 to N9 and diabetic 
Subjects D1 and D2, injected with either C'*-labeled bicarbonate, acetate, or fruc- 
tose, were fasted for 15 to 24 hours prior to the experiment. Subject D7 (Fig. 6) 
was in the fed state in the two experiments which he underwent.) Blood sugar was 
determined on whole blood according to Somogyi (16) at the time of C'* administra- 
tion. Glucose tolerance tests, performed 1 to 3 days before the experiment, were 
normal. 


to an evacuated rubber beach ball by means of an intermediate glass 
T-joint. 

The breath samples were then drawn by vacuum through 40 ce. of 1 N 
CO--free NaOH in an absorption column fitted with a fritted glass gas 
disperser. The absorption efficiency was approximately 95 per cent. 
Aliquots were taken to determine the specific activity (per cent of the in- 
jected C™ per mg. of carbon) and the total amount of CO: excreted in 1 
minute. The latter was done by adding an excess of BaCl, to the NaOH- 
Na,CO; aliquot and titrating the resulting BaCO,; with standard HCl 
between the phenolphthalein and brom cresol green end-points. 

Specific activity was determined by converting NagCO; to BaCOs; with 
BaCh, filtering the precipitate on tared filter paper, weighing, and then 
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counting the radioactivity. ‘The activity was corrected for mass absorp- 
tion to that of an infinitely thin layer of BaCOs. 

Total C™ activity of the injected glucose, fructose, acetate, and bicar- 
bonate was determined to an accuracy of +5 per cent by oxidation (genera- 
tion with acid in the case of bicarbonate) to CO, (17, 18) and subsequent 
assay of the radioactivity as described above for the CO, breath samples. 

The design of experiments in which evenly labeled fructose-C™ (approxi- 
mately 1 mmole, 90 we. per mmole), Na acetate-1-C™ (approximately | 
mmole, 1 to 2 &K 10? we. per mmole), and NalHiC™O,; (approximately 0.02 


Inlet Valve 
Outlet Valve 


8 Exhale when 
C clamped 


Exhole when 
B clamped 


Balloon 


Fic. 1. Apparatus used to collect breath samples 


mmole, 1.5 K 108 we. per mmole) were employed was essentially identical 
with that of experiments with glucose-C™ except that analyses were per- 
formed only on COs. 

. Uniformly labeled glucose-C™ and fructose-C™ were purchased from the 
Nuclear Instrument and Chemical Corporation, Chicago. BaC™O;, ob- 
tained from Oak Ridge, was used to synthesize acetate-1-C™ according to 
Calvin et al. (19). Tracer NaHC™QO , was prepared in a Baruch flask (18) 
from BaC™Os; by generation of CO, with acid, followed by diffusion of the 
gas into NaOH. The resulting NallCO;-NaOH solution was transferred 
into a volumetric flask and partially titrated with dilute standard HCI, 
so that an excess of only 0.8 umole of NaOH per cc. remained. The mo- 
larity of the resulting solution was equivalent to that of isotonic saline 
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(0.15 mM NaCl). Radioactive glucose, fructose, and acetate were dissolved 
in isotonic saline. All compounds were autoclaved in sealed containers 
before use. 


A-"1i00% CO2 Curve" “100% CO2 Curve" 
B- Blood Glucose | Blood Glucose 
C- CO2 | - C02 
ol 
os 
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ni | N2 
8 A-"100% CO2 Curve” B A-"100% CO2 Curve” 
Blood Glucose B- Blood Glucose 

- C02 C- C02 
A Ol; 


HOURS AFTER INJECTION 
Fic. 2. Specific activity-time curves of blood glucose and respiratory CO, for four 
normal subjects plotted semilogarithmically; specific activity is expressed as the per 
cent of injected activity per mg. of either glucose or CO; carbon. 


RESULTS AND DISCUSSION 


Rate of Glucose Oxidation 


The specific activity-time curves of glucose and CO; following the injec- 
tion of a tracer dose of glucose-C™ into four normal subjects are plotted 
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semilogarithmically in Fig. 2. Additional experimental data may be found 
in Table II. In each section of Fig. 2, Curve B represents the exponential 
decline in specific activity of plasma glucose, while Curve C depicts the rise 
and fall of the specific activity of expired COs. Curve A, which is mathe- 
matically derived, represents the theoretical specific activity of CO, had the 
latter arisen exclusively from the oxidation of glucose via immediate oxi- 
dative pathways (see below). It will be termed the “100 per cent CO,” 
curve, and its method of derivation will be described in the following sec- 
tion. It should be pointed out again that the 100 per cent COs curve is 
intended to serve as a standard of reference in such a manner that the pro- 
portion of CO, derived from glucose may be estimated at any time after | 
hour by a simple comparison of the COs activities of the observed and de- 
rived curves at any given instant. Thus at time ¢ 


(1) % CO, derived from glucose 


specific activity CO, carbon (observed) 
specific activity CO, carbon (100% curve) 


x 100 


Derivation of 100 Per Cent CO, Curve-—It will be assumed for practical 
purposes (1) that following the intravenous injection of ghucose-C™ the 
tracer is rapidly mixed with a homogeneous' non-labeled glucose pool, and 
that the labeled molecules are then replaced by relatively non-radioactive 
glucose at a rate which maintains the total glucose concentration at a con- 
stant level, (2) that a portion of the glucose is converted to tissue COs, ir- 
reversibly by way of such small and rapidly replaced pools that virtually 
no time delay occurs en route (this process will be referred to as the “im- 
mediate oxidative pathway’’), and (3) that the newly formed CO, mixes 
rapidly with the body bicarbonate pool and is produced at a rate which is 
constant and equal to that of its loss via the lungs. 

A schematic representation of the metabolic system under consideration 
is portrayed in Model I, Fig. 3. The differential equation which would 
express the rate of change of activity in a CO: pool derived solely from 
glucose is as follows: 


dg fa 8B 
The symbols employed in this equation and referred to elsewhere in the 


text are explained in the legend of Fig. 3. In order to obtain an expression 
for the specific activity of the CO, carbon (6) at any time (/) in a theoreti- 


! While it is convenient, in analyzing data of this sort, to think of a sharply de- 
lineated and homogeneous pool, it is recognized that glucose, which is largely con- 
tained in interstitial fluid, is not necessarily of equal concentration in all tissues, 
nor are rates of removal necessarily identical in all organs. 
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cal system wherein all of the CO, carbon is derived solely from glucose, 
equation (2) may be integrated, algebraic substitution made, and the 
following formula? obtained. 


(3) b = ao oe (e e ?) 

Similar equations have been used to study the rates of diverse metabolic 
processes, ¢.g. phospholipide turnover rate (5), the kinetics of xylose and 
galactose distribution and utilization (6, 7), and the rate of protein syn- 
thesis in humans (8). Many theoretical discussions regarding applications 
and limitations of such an approach to biological processes have also ap- 
peared (8-14). It is apparent that construction of the 100 per cent CO, 
curve by means of expression (3) requires that the following values be 
known: (1) the specific activity of glucose carbon at zero time (ao); (2) the 
fractional rate of replacement of the glucose pool (decline in specific activ- 
ity of glucose carbon as in Fig. 2, B) (A;); and (3) the fraction of CO 
(HCO) pool which turns over each minute (4). The latter was deter- 
mined experimentally on two separate subjects as follows. 

Fractional Turnover Rate of Bicarbonate Pool (X2)--15 ue. of NaHC™Os 
(0.02 mmole) were injected intravenously and serial breath samples col- 
lected. The composite curve of specific activity of CO. carbon in expired 
air is plotted in Fig. 4. The rapid decline in the early segment of the curve 
probably represents diffusion of the tracer from plasma and mixing with 
the bicarbonate of both interstitial and cellular fluids. The remaining seg- 
ment, which approximates a straight line, is considered to represent re- 
placement of the C™ with unlabeled carbon derived from oxidative proe- 
esses. Rate constants for the terminal portion of the curves, after mixing 
was presumed to be “complete,”’ were 0.0099 and 0.0094 per minute. 
Although it is assumed that the injected C™O:, is removed from the bi- 
carbonate pool primarily by way of the breath, there is no doubt that an 
additional undetermined portion may be diverted into various metabolic 
systems and subsequently reenter the pool. Such a phenomenon would 
attenuate the slope of the distal portion of the curve and lead to an under- 
estimation of Ax. Therefore, for the estimate to be precise, such recycling 
must be minimal. 

A mathematical estimate of A, also may be obtained indirectly. By 
solving expression (3) for db/dt = 0, the following equation relating \, and 
Ae at is Obtained. 


(4) 


‘mex. Me? nex. 


* The use of expressions (3) and (5) is limited to instances in which A, does not 
equal A». Furthermore, as the value of A; approaches \:, the possible error in the 
calculation is increased. 
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I 
Non Glucose 
Pools 
Glucose Pool CO2-HCO, Poo! 
, rotel cpm. cpm. E gm. C per min. E gm C per min. 
injected “gm.c Ea cpm permin $ oF cpm. per min 
“A” entering 2nd pool ny vans B leaving 2nd poo! 
= J 
e 
gm.C per min. a 
Ir 
Non Glucose Precursors 
Eye E,t of C02 
E(i- <=) gm.C per min. 
~ Oc.p.m. C'4 per min assumed 
COp-HCOs 
, Total ¢.p.m. a cpm ¢.p.m. E gm. C per min. 
* injected A Ed c.p.m.c!* permin. | 8 omc EP cp.m. per min. 
ot ry no 
any time entering 2nd pool any time 
J 
v 
E, gm. Cper min. gf 
cA 8 


Fic. 3. Model (1) for the hypothetical 100 per cent CO, curve in which CO, is 
derived solely from glucose carbon. Assumed model (II) for the normal oxidation of 
glucose. Only a fraction (1/c) of the CO, is derived from glucose carbon, while the 
remainder of the CO, (1 — 1/c) is derived from non-glucose precursors of CO,. In 
Model I, at t = 0, ao ¢.p.m. of glucose-C™ are injected into the body glucose pool con- 
taining A gm. of glucose carbon. Three outlets from the glucose pool having rates 
E,4, S, and E gm. of C per minute are shown; only the latter is explicitly defined. 
E gm. of C per minute is the rate at which glucose carbon enters the CO, pool from | 
the glucose pool by way of rapidly turning over intermediates (immediate oxidative 
pathway). Glucose carbon is replaced by non-labeled carbon at the rate Ey gm. of 
( per minute = Ey + S + E; thus the glucose pool is maintained in a steady state. 
Therefore, the radioactivity of carbon in the glucose pool decays exponentially; at 
any time, t,@ = age’, where A; = E,/A. The steady state will be maintained in 
the CO, pool only if the rate at which the carbon leaves is equal to the rate at which 
it enters the CO, pool. The activity at any time in the CO, pool is determined by the 
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Since tasx. is assumed to be similar for the observed and 100 per cent CO, 
curves and A, is already known, A. may be calculated. When this was 
done in the four subjects (Table IL), the derived value for A: varied from 
0.70 to 1.0 per cent per minute and averaged 0.86 per cent per minute. 

From the data obtained after C™O:, injection, the mean size of the body 
bicarbonate pool wa. calculated to be 12 mmoles of CO: per kilo of body 
weight. From the relationship \. = //B, the mean size of the body bi- 
carbonate pool was also determined in the subjects who received glucose 
(Table Il). A mean value of 12 mmoles (5.4 X 10? mg.) of CO: per kilo 
of body weight was obtained. These figures are similar to the value of 15 
mmoles of CO; per kilo of body weight reported by Harper et al. in dogs 
(20). 

Validity of Model As Formulated in Expression (3)—Use of the simple 
formula for a two pool system may be justified by several separate argu- 
ments and experimental observations. It has just been shown that dz as 
determined by indirect calculation is similar to that obtained experimen- 
tally on two separate subjects. This means that either of the values sub- 
stituted in equation (4) will give a similar time for fnax.. If an appreciable 
delay occurred in the intermediate pathways during the interval of experi- 
mental observation, the observed f,,,.. would tend to lie farther to the right 
than that of fasx. of the 100 per cent curve as calculated by equation (4), 
in which the experimentally determined \, was employed (Fig. 4). The 
effect of a delay within a hypothetical intermediate pool is illustrated in 
Fig. 5. The glucose decay curve is represented by Curve I which has a 
rate constant equal to 0.0070 per minute. Curve IT is the calculated 100 
per cent CO, curve when A; equals 0.0090 per minute. Curve IIT is the 
100 per cent CO, curve which would be obtained if a third intermediate 
pool (not shown) with a rate constant of 0.010 per minute were interposed. 


rate at which activity enters and leaves this pool; thus in Model I, d8/dt = E((a/A) 
— (8/B)), whereas in Model II, d8/dt = (Ea/cA) — (£8/B). Other definitions of 
symbols used in Fig. 3 and in the text are defined as follows: ao, dose in counts per 
minute of injected glucose-C™; a, counts per minute of C'* in glucose pool at any 
time; 8, counts per minute of C'* in CO, pool at any time; ao, specific activity of glu- 
cose at 0 time (1/10A); a, specific activity of glucose at time t (@/10a0A); b, specific 
activity of CO, pool at time ¢ (8/10a9B); A, gm. of glucose carbon in body pool; B, 
gm. of CO, carbon in CO,-HCO, pool; FE, gm. of CO, carbon excreted per minute in 
breath; A,, fraction of glucose pool which turns over each minute (£;/A); Xo, fraction 
of CO,-HCO, pool which turns over each minute (F/B); ¢, time in minutes; 1/c, frac- 
tion of CO, carbon derived from glucose; fmax., time at which CO, specific activity 
reaches a maximal value (minutes); 4, half life of a given pool; E4 + S, gm. of glu- 
cose carbon removed from the glucose pool per minute by paths other than the im- 
mediate oxidative route; E;, rate at which carbon enters and leaves the glucose pool 
in gm. per minute; specific activity, per cent of injected activity per mg. of either 
glucose or CO, carbon. A, Model I, is not equal to A, Model II. 
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In such an instance the observed specific activity of CO, after dilution by 
non-glucose sources of unlabeled CO2 (e = 5) would approximate Curve 
IV. It will be observed that the t,x. of Curves III and IV is shifted to 
the right and that the contour is altered from that of the two pool system. 

Similar arguments may be applied to the question of reentry of labeled 
carbon from side pools. If a significant amount of C™ were diverted from 
the immediate oxidative paths of glucose into side channels, such as those 
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Fic. 4. Specific activity of respiratory CO, following the injection of tracer 
amounts of bicarbonate-C'* into two human subjects. Data plotted semilogarith- 
mically. Units of specific activity as in Fig. 2 X 0.65. 


in equilibrium with protein and fat, and subsequently reentered the direct 
pathway of carbohydrate oxidation, a contour distortion of the observed 
COz curve with respect to the reference curve would be anticipated. Re- 
cycling of C™ back into glucose also must be considered. Since a compos- 
ite of the glucose curves in Fig. 2 approximates a straight line, one might 
conclude that such a phenomenon is insignificant (1). However, this argu- 
ment cannot be pressed too strongly, for the data might also represent a 
relatively linear portion of a complex exponential function, in which case 
appreciable recycling need not be precluded. It should be emphasized 
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that diversion of C™ into side pools without reentry into the system glucose 
— CO: would not affect the specific activity of the main stream of metabo- 
lites which feed into the COz pool, and hence expression (3) would still be 
valid. 

Confirmatory evidence of absence of delay in intermediate pools was 
brought forth by the experiments in which either C-labeled acetate or 
fructose was injected and the activity of expired CO, determined in the 
same manner as after an injection of glucose. After the administration of 


Tas_e Il 
Characteristics of Glucose and CO; Pools 


These values were calculated from blood glucose and respiratory CO, specific 
activity-time curves (Fig. 2). Determination of the CO, pool size and turnover rate 
and of the glucose space required, in addition, measurements of the rate of CO, 
excretion in the breath and of the blood glucose concentration. 


| Glucose | COs 
| | Glucose | Otidation to COnt | | | 
Volume turnover —— ‘Turnover 
Pool size, | Youn size, | 
Subject | img. | | Rate con, | rate, me: | aig. | per cont | COr 
cose 10° tion cent. h f gl x 10% nt! 1072 
per kilo hr. per | | ner kilo | PEF 
bod percent min.,A: per kilo kilo cose bod per min.,| hr. per 
ei Re ) x turnover be Az X 10? kilo body 
weight weight weight | diverted weight 
(T) (0) to COs 
NI 2.2 | 2 | 0.72 | 95 | | 1.0 | 2.6 
N2 1.5 17 0.58 52 3 CftftéSTS 8.1 0.70 3.4 
N3 0.92 10 0.96 53 28 53 5.4 0.73 2.4 
N4 1.5 17 0.53 48 34 71 3.7 1.0 2.2 
Average. 1.5 17 0.69 38 63 5.4 0.86 2.7 


= 
t Via immediate oxidative pathway (see the text). 


acetate (Fig. 6) a peak activity was attained within not more than 10 to 
15 minutes. Such an early appearance of fmax. suggests a very rapid rate 
via the pathways between acetate and COs. A mathematical estimate of 
the rate constant which applies jointly to mixing, diffusion, and acetate re- 
moval may be made by application of expression (4). The value A, will 
now represent this unknown constant. When Az: equals 0.0090 per minute 
and tax. 10 or 15 minutes, A; may be calculated to equal 0.35 and 0.20 re- 
spectively. Such a rapid rate is within the probable range of the rate con- 
stant for diffusion and mixing alone and thus suggests that negligible delay 
is contributed by the metabolic transport of acetate carbon to the CO, 
pool. It may be noted that approximately 15 minutes after the injection 
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of acetate-C', specific activity declines in a simple exponential man- 
ner and has a rate of decay similar to that obtained after the injection of 
bicarbonate-C™. Evidence for the rapid disposal of acetate has also been 
presented by Harper and coworkers (20) who injected acetate-1-C™ into 
dogs and showed that practically all of it had disappeared from the blood 
by the time fnax. of COs had been attained. 
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Fic. 5. The effect of an intermediate pool between glucose and CO, on the charae- 
teristics of the COs specific activity-time curve. 100 per cent CO, curves are drawn 
semilogarithmically. First pool, A, = 0.0070 per minute (Curve 1); if there were a 
second pool having A» = 0.0090 per minute, Curve II would be obtained; if a third 
pool having \ = 0.010 per minute were interspersed, Curve II would be shifted to 
Curve III. If only 20 per cent of the carbon of Curve III were derived from I, Curve 
IV would be obtained. 


Curves of specific activity of expired carbon after the injection of fruc- 
tose-C™ into three subjects are reproduced in Fig. 7. From the two lower 
curves it is apparent that fmax, Was reached just as rapidly as after acetate 
injection. The top curve differs in that a maximum is observed at about 
1 hour; yet the first sample collected at 10 minutes had already risen to 88 
per cent of the activity reached at 1 hour. The variability in pattern of 
the three curves is probably due to a partial conversion of fructose to glu- 
cose. Thereafter both serve as precursors which contribute C™ to the CO» 
pool. The early portions of the curve appear to be dominated by fructose 
degradation and the terminal portion by glucose. It has been shown by a 
determination of the C™ content of blood glucose after an injection of 
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fructose-C™ that approximately half of the radioactivity appears promptly 
in glucose.* 

Estimate of Per Cent COz Derived from Glucose—In Table III values are 
presented for the per cent CO, derived from glucose as determined graphi- 
cally by application of equation (1). The value for A, used in constructing 
the 100 per cent curve was derived from expression (4) in each instance. 
It was judged preferable to calculate this constant rather than to use the 


98 min. 
n-th, = 82 min. 
a-tl,,= 75 min. 


-OO! 


SPECIFIC ACTIVITY 


Average of 3Normal 
©- Subjects, N5,N6&N7 


_ Diabetic Subject, 
D7 Controlled 


a 


x- Same Diabetic Subject, 

D7 Uncontrolled 

O | 2 3 4 5 6 
HOURS AFTER INJECTION 

Fia. 6. Specific activity of respiratory CO, following the injection of tracer 
amounts of acetate-1-C'* into four human subjects. Data plotted semilogarithmi- 
cally. Units of specific activity as in Fig. 2. 


observed values obtained by injection of HC'“O; into two other subjects. 
Justification for the computation has been discussed under the section de- 
voted to the validity of the model used. It is apparent that little differ- 
ence exists in the per cent CO: derived from glucose whether an estimate is 
made at 1 hour or at the other points up to 6 hours. The grand mean for 
the four subjects was 21 per cent. 

Because of the fact that the 100 per cent CO, curve intersects, 7.e. is 
equal to, the glucose curve at ftmax., it is permissible to compare the ob- 
served CO, activity with that of glucose at a time equal to tnax.;4 however, 


*? Unpublished observations of Dr. Walton W. Shreeve. 
* When X,; and X. are similar or equal (see foot-note 2), the ratio at tmax., a/b X 
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beyond this point use of the glucose curve is not valid for such a compari- 
son. It should be noted that Feller et al. (1, 2), who made a simple com- 
parison of glucose and CO, activities to calculate the per cent CO» derived 
from glucose, chose this portion of the curve and hence obtained excessively 
high values. 


x- NI 
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a- 02 
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0 | 2 3 4 5 6 


HOURS AFTER INJECTION 


Fia. 7. Specific activity of respiratory CO, following the injection of tracer quan- 
tities of uniformly labeled fructose-C™ into three human subjects. Data plotted 
semilogarithmically. Units of specific activity as in Fig. 2. 


The fraction of COs derived from glucose may be determined mathe- 
matically by combining equations (1) and (3). This dispenses with the 
graphical construction of curves. The formula is as follows: 


ag Ae 


100 100 Xx — A b 
(5) % CO, from glucose = — = — 


A model in which only a fraction of the CO: (1/c) is derived from the oxi- 
dation of glucose is represented in Fig. 3, Model II. Equation (5) also is 
obtained by integration of the differential equation (expression (6)) which 
describes the rate of change of activity in the CO: pool of this model. 


100, may still be calculated with an accuracy equal to that of the original observa- 
tions. 
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(6) 


Reappraisal of Data of Feller et al.—From the data of Feller et al. (2) a 
recalculation has been made of the per cent CO, derived from glucose in 
normal and diabetic dogs. If, by an optional method of computation de- 
scribed above, comparison of CO2 activity with that of glucose is made at 
lmax., Values of 28 and 16 per cent total CO2 derived from glucose are ob- 
tained for normal and diabetic dogs respectively. 

In calculating the per cent CO. carbon derived from glucose from the 
typical constant infusion experiments reported by Strisower and Searle (15), 


TABLE III 
Per Cent of Expired CO, Carbon Derived from Oxidation of Glucose* 

| Mean 
Ratio 1 Ratio 2 | Ratio 3 Ratio 4 (Ratios 
1 to 4) 

! 

it per cent t | Per cent 


Average....... 60 21 132 | 200 240 | 21 30 °#£23 21 


* As determined at various times by the ratio (observed CO, specific activity) x 
100/(100 per cent CO, curve specific activity). 
tmax.- 


values of approximately 25 and 11 per cent for the same dog in the normal 
and diabetic states, respectively, were obtained. These figures agree quite 
favorably with those derived from the recalculated data of Feller et al., 
suggesting that the two methods of study may yield comparable results. 
Theoretical Error Due to Difference in Specific Activity of Plasma and In- 
terstitial Fluid-—It is pertinent to examine the common assumption that 
the specific activity of a compound in plasma is identical with that in ex- 
tracellular fluid after diffusion and mixing between the two compartments 
are complete. Although Feller et al. (1) have shown in the rat that the 
specific activity of glucose in red cells reaches a level within 1 hour which 
approximates that of plasma, this does not necessarily mean that inter- 
stitial fluid in an intact subject would maintain an exact equality with 
plasma after this time. Since plasma undergoes dilution by endogenous, 
non-labeled glucose prior to the extrahepatic interstitial fluid, a slight gra- 


dp _Ea EB 
| dt cA B 
N1 60 26 120 2 240 | 30 360 34 29 
N2 60 18 156 7 486240 || 150 17 
N3 60 16 120 | 15 16 
N4 60 23 132 21 | 22 360 28 22 
| 
| 
| 
is 
‘h 
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dient between the two would be anticipated. Thus after a period of tran- i 
sient equilibrium the specific activity of interstitial fluid will lag in being I 
diluted; 7.e., possess a higher activity than plasma. In the case of bicar- 
bonate-C™ formed intracellularly, the specific activity-time relationship 


between plasma and extraplasma spaces will be the reverse. The magni- 
tude of the difference will depend upon the relative rates of capillary inter- 


change and either plasma or extraplasma dilution By using models such ( 
as those in Fig. 3 where plasma, interstitial, and cellular pools are treated 
as though they were a single, mixed pool, an error is introduced in the ( 
calculations of pool size and turnover rate constants. It is presumed that 
such errors are small. Studies designed to determine the magnitude of | 
such errors are in progress. \ 
Glucose Space, Rate of Turnover, and Amount Oxidized 
When the decay curve for the specific activity of glucose is extrapolated I 
to the ordinate, the value at zero time is an approximation of the degree of | } 
dilution of glucose-C™ by that of the effective glucose pool. Thus the dose ) © 
in total counts per minute divided by the counts per minute per gm. of t 
glucose at zero time will approximate the size of the glucose pool in gm. 
The mean of the four subjects was 0.15 gm. of glucose per kilo (Table IT). 
Division of the total weight of glucose by the blood glucose concentration 
yields a figure for the volume in which glucose is distributed. This aver- C 
aged 0.17 liter per kilo or 17 per cent of body weight (Table IT). c 
Dominguez et al. (21) have reported that after mannitol injection a sim- 
ple extrapolation of this sort gives values for volume of distribution which r 
are approximately 10 per cent too high. The rate constant for the disap- | 0 
pearance of mannitol after mixing is similar to that for glucose-C™, and the — in 
rates of diffusion of the two compounds also are probably similar. The i! 
value herein obtained for glucose space therefore is not likely to be more 
than 10 per cent too high. Moreover it is of interest to note that the re- 
sults compare favorably with the value of 16 per cent of body weight re- i) 
ported for inulin space in man (22—24). Wick et al. have shown in eviscer- Ir 
ated-nephrectomized rabbits that glucose is distributed in a volume equal ir 
to that of thiocyanate space (25). Similar results have been obtained in p 
normal dogs (26). Thus it would appear that the effective glucose pool 
approximates that of extracellular fluid. Searle et al. have attempted to ee 
explain the higher values of 35 to 65 per cent of body weight obtained in b 
both rats (1) and dogs (2) using the single injection technique on the basis 
of uncertainties regarding the fate of the injected glucose-C™ prior to its th 
complete mixing with the body pool (26). | bi 
The rate of glucose turnover is proportional to \,, the slope of the de- | gl 
clining activity of the specific activity curve for glucose. It may be seen tt 
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from Table II that A, averaged 0.69 per cent per minute (range 0.53 to 0.96 
per cent per minute). The turnover rate (7’) of glucose (mg. per hour per 
kilo of body weight) may be calculated by the relationship 


(7) T = (mg. glucose per kilo body weight) (A; as fraction per min.) X 60 


The quantity of glucose which is oxidized to CO:2 per hour (mg. per kilo 
of body weight, Q) may be calculated according to equation (8): 


an (mg. CO, excreted per { % CO: from glucose 180 mg. glucose 
(8) hr. per kilo body weight) 100 6 X 44 mg. CO, 


Values for Q and T' are included in Table II. The rate of COz expiration 
varied markedly in a given experiment (eight to twelve samples), presum- 
ably because of the large potential error inherent in taking a breath sam- 
ple of 1 minute. However, it was calculated on the basis of an assumed 
R. Q. of 0.82 (sex, age, and mean weight being considered) that the sub- 
jects studied should have excreted 17 gm. of COz per hour. The average 
observed rate of CO, excretion (19 gm. per hour) agreed favorably with 
this calculated value. 


SUMMARY 


1. Four normal human subjects were given a single injection of glucose- 
C', following which serial samples of blood and respiratory CO2 were 
collected. 

2. From the specific activity determinations of blood glucose-C™ and 
respiratory C“Os, an attempt was made to approximate the size, volume 
of distribution, and fractional rate of turnover of the glucose pool. The 
mean pool size was 0.15 gm. of glucose per kilo of body weight distributed 
in a volume equivalent to 17 per cent of the body weight. An average of 
0.69 per cent of the pool was turned over each minute. 

3. An expression was derived for approximating the relative contribution 
of glucose to expired CO, following a single injection of glucose-C™. The 
mean value determined at different times between 1 and 6 hours after the 
injection was 21 per cent. This represented an average of 38 mg. of glucose 
per hour per kilo of body weight oxidized to COs. 

4. It was further calculated that the amount of glucose oxidized to CO: 
accounted for approximately 60 per cent of the glucose removed from the 
body pool during a given time interval. 

5. From the change in the specifie activity of C“O. with time following 
the administration of trace amounts of C-labeled fructose, acetate, and 
bicarbonate, it seemed likely that the C™ which was transported from 
glucose to COz during the experiment had traversed pools having rapid 
turnover times. 
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THE p-a-HYDROXY FATTY ACID NUTRITION OF 
LACTOBACILLUS CASEI 280-16* 


By MERRILL N. CAMIEN ann MAX 8. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles, California) 


(Received for publication, June 30, 1954) 


Lactobacillus casei 280-16, described previously (1), is a p-lactic acid- 
requiring variant of strain No. 7469 of the American Type Culture Col- 
lection. The parent strain satisfies its need for p-lactic acid apparently 
through the racemization of L-lactic acid, an abundant fermentation prod- 
uct of both organisms (1). It was of interest to continue the investiga- 
tion of L. casei 280-16 because its unique nutritive requirement for p-lactic 
acid implies a previously unrecognized essential function for this compound. 
It is noteworthy that an ultrasensitive compound-microbiological assay 
method based on the use of this organism has been reported (2). 

The present report is concerned with the nutritional activity of p-lactic 
acid homologues and analogues for L. casei 280-16 and with the apparent 
occurrence of some of these substances in natural materials. 


EXPERIMENTAL 


The assay procedure was essentially the same as that employed previ- 
ously (1), except that the medium was simplified by eliminating the acid- 
hydrolyzed casein, pi-tryptophan and L-cysteine and by increasing the 
final concentration of the trypsinized casein to 600 mg. per cent. A mini- 
mal autoclaving time (1 to 5 minutes at 15 pounds) was employed to steri- 
lize the assay tubes because prolonged heating produced an effect com- 
parable to that of introducing p-lactic acid into the assay medium (Fig. 1). 
Evidently this effect was the result of decomposition of glucose, since it 
was not apparent when the glucose was autoclaved in a separate solution 
and added aseptically to the previously autoclaved and cooled assay tubes. 
The initial pH of the medium was left unadjusted (approximately pH 6.8) 
unless otherwise noted, but it was observed that considerable change in 
the initial pH of the medium had a marked effect on both the absolute and 
relative responses to active substances (Fig. 2). 

Preparation of Deaminated Amino Acids—Deaminated amino acids were 
employed as a source of a-hydroxy acids in preliminary experiments, since 
relatively few of the latter were initially available. 1 mmole of amino acid 


* Paper 100. This work was aided by grants from Eli Lilly and Company, the 
Nutrition Foundation, Inc., and the University of California. The authors are in- 
debted to Miss Lynn Wyler for technical assistance. 
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was dissolved in 5 ml. of 3 n hydrochloric acid, 5 ml. of 3 N sodium nitrite 
solution were cautiously added, and the mixture was allowed to stand over- 
night at room temperature. It was assumed that the amino acid was con- 
verted nearly quantitatively to the corresponding hydroxy acid by this 
procedure, and the resulting reaction mixture was assayed directly for 
growth-promoting activity. The relative growth-promoting potencies of 
various deaminated amino acids are given in Table I. 


100 
Fic. 1 Fic. 2 


Fic. 1. Response of L. casei 280-16 to p-lactic acid, with 1 minute (Curve A), 15 
minutes (Curve B), and 34 minutes (Curve C) of autoclaving at 15 pounds to sterilize 
the assay tubes with the p-lactic acid-supplemented test medium. The values on 
the horizontal scale are the millimicromoles of p-lactic acid per ml. of medium. 
Those on the vertical scale are the titration values (ml. of 0.01 n sodium hydroxide 
per ml. of culture). 

Fic. 2. Response of L. casei 280-16 to pi-lactic acid (Curves A, A’) and 8-phenyl- 
pL-lactic acid (Curves B, B’) in the unadjusted medium (Curves A, B) and in the 
same medium adjusted to pH 5.5 (Curves A’, B’). The values on the horizontal 
scale are the millimicromoles of pu acid per ml. of medium. Those on the vertical 
scale are the titration values (ml. of 0.01 N sodium hydroxide per ml. of culture). 


Purified a-Hydroxy Acids and Related Compounds—v.-a-Hydroxybutyrie, 
pL-a-hydroxyvaleric, and pi-a-hydroxycaproic acids were made available 
through the courtesy of Dr. Carl G. Baker and Dr. Alton Meister. Samples 
of pi-a-hydroxypalmitic, pL-e-hydroxystearic, and pL-a-hydroxybehenic 
acids were kindly provided by Dr. A. C. Chibnall. The 8-phenyl-.-lactic 
and $-phenyl-pi-lactic acids were the same as those described previously 
(3). p-Lactic, L-lactic, pL-a-hydroxy-a-methylbutyric, pL-a-hydroxyca- 
prylic, pL-a-hydroxycapric, piL-e-hydroxylauric, and piL-a-hydroxymyris- 
tic acids were prepared as described below. The remaining compounds 
were commercially available products. The relative growth-promoting 
potencies of all the materials tested are given in Table IT. 

p-Lactic acid was conveniently prepared by fermenting with Lacto- 
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bacillus delbrueckii (ATCC No. 9649), a mixture containing 5.4 per cent 
glucose, 3 per cent calcium carbonate, 0.5 per cent trypsinized casein, 0.5 
per cent yeast extract (Difco), and 0.05 per cent autolyzed yeast (Difco) 
in distilled water. The glucose was dissolved and sterilized separately from 
the remaining constituents of the medium. The inoculated mixture was 
incubated for 10 days at 35°, steamed for 30 minutes at 100°, clarified by 


Taste I 
Relative Growth-Promoting Potencies of Deaminated Amino Acids* 
Deaminated amino acid Potency Deaminated amino acid Potency 

100 pL-Isoleucinet 277 
pi-a-Aminobutyric acidf 66 L-Isoleucine| 7 
pL-a-Aminocaprylic acidf 215 pL-Leucinet 269 
a-Amino-a-ethylbutyric acid? 20 L-Leucine|| 10 
a-Aminoisobutyric acidt 3 pL-Lysine§$ | 0 
pL-Aspartic acid§ 0 pL-Methionine$ 28 
pL-Citrulline§ 0 L-Methionine{ 14 
pL-Cystine$ 0 pL-Norleucinet 253 
pL-Ethionine§$ 31 pL-Norvalinet 195 
L-Ethioninet 23 pL-Ornithine§$ 0 
pi-Glutamic acid§ 0 pL-Serine§ 0 
Glycine] 0 | pL-Threonine§$ 0 
pi-Histidine§$ 0. pi-Valinet 80 

| L-Valine| 7 


* The amino acids were deaminated and tested as described in the text. The 
potency of 100 was assigned to deaminated pt-alanine, and the potency value for 
each of the remaining deaminated amino acids was obtained by multiplying by 100 
the ratio between the molar concentrations of deaminated pL-alanine and test amino 
acid required to yield half maximal growth of L. casei 280-16. 

+t Possesses all four essential characteristics (see the text). 

t Lacks two or more essential characteristics (see the text). 

§ Lacks the second essential characteristic (see the text). 

| Lacks the first essential characteristic (see the text). 


passing (while still hot) through a Sharples supercentrifuge and a large 
Seitz filter, and concentrated under reduced pressure to one-fourth its 
initial volume. The calcium p-lactate which crystallized from the re- 
sulting solution upon standing in the cold was collected by filtration, re- 
crystallized twice from 50 per cent (by volume) acetone in water, and dried 
to constant weight at 70° in a vacuum oven. 105 gm. of purified anhydrous 
calcium p-lactate were obtained in this manner from 4 liters of fermented 
mixture. Calcium, found by ashing the product at 800-850° in the pres- 
ence of sulfuric acid and weighing the resulting anhydrous calcium sulfate, 
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was 18.43 per cent. That calculated for CsHwOcCa was 18.37 per cent. 
The specific rotation was fa]? ° +5.32° + 0.05° in water at ¢ = 4.95. 
Calcium L-lactate was prepared by the same procedure, except that L. 
casei (ATCC No. 7469) was employed to ferment the mixture. Calcium 
found, 18.41 per cent; [a]®° —5.32° + 0.03° in water at ¢ = 4.95. 
pL-a-Hydroxy-a-methylbutyric acid, pi-a-hydroxycaprylic acid, DL-e- 
hydroxyecapric acid, pi-a-hydroxylauric acid, and pt-e-hydroxymyristic 


Tasie Il 
Relative Potencies of Purified a-Hydrory Acids and Related Compounds* 

Compound Compound 

= 
Acrylic acid | 0 piL-a-Hydroxyvaleric acidt 252 
Cinnamie acid | 0 a-Ketobutyric acid 0 
Citric acidt 0 L-Lactie acid) 0 
Crotonic acid acidt 100 
Hyeolic “ | 0 pv-Lactic acidt 200 
pL-a-Hydroxybehenic acid® 0 pi-Lactic acid ethyl ester 2 
pi-a-Hydroxybutyriec “ 75 pi-Malic acid§ 0 
pi-B-Hydroxybutyric “ 0 pi-Mandelic acidt 127 
pL-a-Hydroxyeaprie acidt 143. meso-Tartaric acid§ 0 
pL-a-Hydroxycaproic acidt 333 Oleic acid 0 
pL-ea-Hydroxyeaprylie acidt 340 acid) 0 
a-Hydroxyisobutyric acidt | 0 8-Phenyl-pi-lactic acidt 61 
pL-a-Hydroxylauric acidt 154 acid§ 
pL-a-Hydroxy-a-methylbutyric acid** | 0 Phenyl pyruvie acid 8 
pL-a-Hydroxymyristic acidt 46 Pyruvie acid 0 
pi-e-Hydroxypalmitie “ § © Stearic acid 0 
pL-a-Hydroxystearic acid § pu-Tartaric acid§ 0 


* The potency of 100 was assigned to pi-lactic acid, and the relative potencies of 
the other compounds were calculated asin Table I. See Table I for an explanation 
of the symbols other than those listed below. 

{ Lacks the third essential characteristic (see the text). 

** Lacks the fourth essential characteristic (see the text). 


acid were prepared by a-bromination of the corresponding acids, followed 
by hydrolysis of the resulting a-bromo acids with sodium hydroxide solu- 
tion. 50 gm. of each acid were refluxed with bromine in 120 per cent excess 
of the required amount and in the presence of red phosphorus. Heating at 
100° overnight was sufficient to complete the reaction with the lower mem- 
bers of the series, but the lauric and myristic acid reaction mixtures were 
heated 2 more days at 100°, and the latter mixture was heated additionally 
at 110—-130° overnight. The resulting a-bromo acids were isolated from the 
reaction mixtures and purified by double distillation under reduced pres- 
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sure. The a-bromolauric acid and a-bromomyristic acid were white crys- 
talline solids at room temperature, whereas the lower members of the series 
were water-white oily liquids. Hydrolysis to the corresponding a-hydroxy 
acid was accomplished by dissolving the a-bromo acid in an equimolar 
amount of standardized ~ sodium hydroxide, heating the resulting solution 
nearly to boiling, and adding a second equimolar amount of N sodium hy- 
droxide at a rate sufficient to keep the mixture slightly alkaline to bromo- 
thymol blue. Complete hydrolysis was insured by adding a 10 per cent 
excess of N sodium hydroxide and refluxing the mixture overnight. The 
hydrolysate was saturated with ether and the calculated amount of stand- 
ardized 6 N hydrochloric acid was added to neutralize the excess sodium hy- 
droxide and to convert the a-hydroxy acid salt to the free acid. The mix- 
ture was extracted with consecutive portions of ether until the acidity 
remaining in the aqueous phase was negligible, 100 ml. of chloroform were 
added to the combined ether extracts, and the solvent mixture was evap- 
orated to dryness at room temperature in a stream of air. The residual 
erystalline a-hydroxy acid was recrystallized twice from chloroform. The 
equivalent weight of the purified compound was determined by titrating 
it in aleohol solution with standardized 0.1 ~ sodium hydroxide to the 
end-point of phenolphthalein indicator. The equivalent weights were as 
follows (formula weights are given in parentheses) : pL-a-hydroxy-a-methy!l- 
butyric acid 118.1 (118.1), pL-a-hydroxyeapryliec acid 160.8 (160.2), DL-a- 
hydroxyecapric acid 188.7 (188.3), pL-a-hydroxylauric acid 216.4 (216.3), 
and pi-e-hydroxymyristie acid 242.5 (244.4). The over-all yields of twice 
recrystallized products were 21, 21, 14, 12, and 27 per cent, respectively, 
of the theoretical amounts. 

Butter Fat Fatty Acid Mixture—Crude butter fat was isolated from fresh 
cream as a yellow oil by high speed centrifugation. The oil was filtered at 
about 40°, dissolved in 2 volumes of anhydrous ether, and precipitated from 
this solvent as a white granular solid by chilling the mixture to —10°. The 
precipitated fat was further purified by two reprecipitations from absolute 
ethanol. The granular product was washed thoroughly with cold distilled 
water and dried at room temperature in a vacuum desiccator over anhy- 
drous calcium sulfate. It was assumed that the product would have a 
lower content of unsaturated fatty acids (desirable since these acids are 
often markedly inhibitory) and a higher content of hydroxy acids than 
the original material. The pure white fat melted to yield a water-white 
oily liquid which was hydrolyzed by refluxing it (with mechanical stirring) 
for 20 hours with 15 volumes of 6 ~ hydrochloric acid. The layer of 
fatty acids (and possibly unhydrolyzed fat) which separated on standing 
was washed several times by shaking with hot water. The white waxy 
product (which solidified on the surface of the last wash water upon stand- 
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ing at room temperature) was removed, blotted dry with filter paper, 
granulated, and stored in a refrigerator. Immediately before use an ali- 
quot of the fatty acid mixture was dissolved by suspending it in hot 
water and adding sufficient sodium hydroxide to form a neutral (to bromo- 
thymol blue) solution. 

Wool Wax Iydrolysate—U. 8. P. lanolin (3.2 gm.) was refluxed for 20 
hours with 50 ml. of a 4 per cent solution of potassium hydroxide in abso- 
lute ethanol. The resulting mixture was diluted to 200 ml. with water and 
was homogenously suspended by shaking before aliquots for testing were 
removed, This rigorous alkaline hydrolysis procedure was employed be- 
cause wool wax is notably refractory to mild hydrolysis conditions. It is 
recognized, however, that the a-hydroxy fatty acids may have been racem- 
ized by this treatment. 


RESULTS AND DISCUSSION 


The growth-promoting potencies of the deaminated amino acids (Table 
1) were consistent with those of the purified a-hydroxy acids and related 
compounds (Table 11). It may be inferred from the results (Tables I and 
II) that the following characteristics are essential (under the stipulated 
conditions) to the growth-promoting activity of a-hydroxy acids for L. 
caset 280-16: (1) asymmetry and pb configuration, (2) absence of substitu- 
ents (excepting phenyl) other than the a-hydroxyl and a-carboxy! groups, 
(3) chain length of 14 or less carbon atoms, and (4) presence of an a- 
hydrogen atom. The a-hydroxy acids in Tables I and II, possessing all 
four of the essential characteristics, were active, whereas the other a-hy- 
droxy acids lacking one or more of these characteristics were essentially 
inactive (relative potency less than 32).' 

It is evident (Table II) that a, 8-unsaturated acids (acrylic, cinnamic, and 
crotonic acids), 8-hydroxy acids (8-hydroxybutyric acid), and a-keto acids 
(phenylpyruvic,? pyruvic, and a-ketobutyric acids) corresponding to active 
a-hydroxy acids do not promote growth of L. casei 280-16. 

That amino acids will not replace p-a-hydroxy acids for L. casei 280-16 
has been indicated by the extremely low activity of pL- and p-alanines (1) 
and of other pL-amino acids (unpublished data). It is of interest that, con- 
versely, the p-alanine requirement of L. casei in a vitamin Be-free me- 


1 It is noteworthy that the purified a-hydroxy acids lacking essential characteris- 
tics (Table II) were in all cases entirely inactive, whereas the deaminated amino 
acids theoretically lacking essential characteristics (Table 1) often were slightly 
active. It seems likely, therefore, that these activities may have been due to side 
products of deamination. 

? The slight activity of phenylpyruvic acid has been discounted because of the 
probability that this product contained active impurities. 
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dium (4) was not alleviated by p-lactic acid (Fig. 3), although the response 
to D-alanine was apparently stimulated by the p-lactic acid supplement. 


Fic. 3. Response of L. casei to p-alanine in the medium described below (Curve 
A) and in the same medium supplemented with 1 smole of p-lactic acid per ml. (Curve 
B). The medium was the same as that described in the text, except that vitamin B, 
was omitted and a vitamin-free trypsinized casein preparation was substituted for 
the N-Z-Case. The values on the horizontal scale are the millimicromoles of p- 
alanine per ml. of medium. Those on the vertical scale are the titration values (ml. 
of 0.01 s sodium hydroxide per ml. of culture). 


Taste Ill 


a-Hydrory Acid Concentrations Yielding Half Maximal Growth in Tween 40- 
Supplemented Media 


Tween 40 supplement, mg. per cent 


Test acid ° ‘ 16 
Concentration of test acid yielding half maximal 
growth, per ml. 

pi-Lactic acid. ............. 71.0 25.2 35.0 
pt-a@-Hydroxyvaleric acid. ... 36.1 8.7 12.6 
pt-a-Hydroxyeaproic 24.7 5.3 7.3 
pi-a-Hydroxyeaprylic 23.5 4.9 | 6.8 
pi-a-Hydroxyeapric 49.7 | 8.7 | 10.4 
46.0 7.0 | 9.4 

53 10.6 | 10.6 


pi-a-Hydroxymyristic acid... | | 


The relative potencies of the straight chain a-hydroxy acids (Table I1) 
generally increased with increase in chain length up to 8 carbon atoms, 
and decreased with further increases until complete inactivity was reached 
with the Cy acid. Markedly elevated activities, particularly of the longer 
chain acids, were observed in media supplemented with Tween 40° (Table 


* Atlas Powder Company product. 
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IIT), and it may be calculated that the 4 mg. per cent supplement of this re- 
agent resulted in 2.8-, 4.1-, 4.7-, 4.8-, 5.7-, 6.6-, and 14.4-fold increases in 
activity, respectively, for the Cs through Cy acids as listed in Table ITT, 
These results are in accord with the following hypotheses: (a) The permea- 
bility of the bacterial cell membrane is progressively less for a-hydroxy 
acids of increasing chain length, (6) the permeability of the membrane is 
increased in media supplemented with Tween 40, and (c) the intrinsic ac- 
tivities of a-hydroxy acids increase with increasing chain length up to and 
beyond 8 carbon atoms (whereas the observed activities, being influenced by 
permeability, fall off with increasing chain lengths above 8 carbon atoms). 
Hence the essential metabolites derived from the nutritionally active a- 
hydroxy acids may be long chain a-hydroxy acids such as those occurring 
in mammalian cerebrosides, and it is of interest that brain cerebronic acid 
has recently been shown to be of the p configuration (5). 

The slope of the pi-a-hydroxymyristic acid response curve was positive 
with either low or high concentrations of this nutrient in media supple- 
mented with Tween 40, but was negative with intermediate concentrations 
(Fig. 4). It seems likely that growth at low concentrations of DL-a- 
hydroxymyristic acid was largely that of a secondary mutant characterized 
by increased permeability to longer chain hydroxy acids, that growth at 
high concentrations was largely that of the unaltered L. casei 280-16, and 
that growth at intermediate concentrations was mixed. That pL-a-hy- 
droxymyristic acid is the highest nutritionally active member of the homol- 
ogous series (Table I1) may account for these exceptional results (not 
observed with other a-hydroxy acids). 

Hydrolyzed butter fat exhibited marked nutritional activity for L. casei 
280-16, a definite response being evident with less than 7 y of hydrolysate 
per ml. of culture (Curve A, Fig. 5). The inhibition with more than 27 
of hydrolysate per ml. was thought to be due to oleic acid and related un- 
saturated fatty acids. An increased concentration of butter fat hydroly- 
sate was required for either growth stimulation or inhibition in media 
supplemented with Tween 40 (Curves B and C, Fig. 5). The explanation 
is not evident but it seems likely that soaps of the commonly occurring 
fatty acids present in the butter fat hydrolysate may have influenced the 
permeability of the bacterial cell membrane. That such fatty acids are 
otherwise inactive was suggested by the inactivity of oleic and stearic 
acids (Table IT). 

Apparently at least 2.8 per cent of the butter fat hydrolysate consisted 
of p-a-hydroxy acids since the lowest concentration of a purified a-hydroxy 
acid yielding half maximal growth was 4.9 myumoles of piL-e-hydroxyea- 
prylic acid (equivalent to 0.39 y of the p acid) per ml. (Table IIT), whereas 
approximately the same growth was obtained with 14 y of hydrolysate per 
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ml. (Curve A, Fig. 5). It is of interest in this connection that an un- 
identified optically active isomer of monohydroxypalmitic acid has been 
isolated from butter fat (6), although it does not seem likely that this com- 
pound contributed to the activity observed for butter fat hydrolysate 
(since DL-a-hydroxypalmitic acid was inactive (Table I1)). 

Fresh whole cream, employed as a source of emulsified unhydrolyzed 
butter fat, was nutritionally inactive for L. casei 280-16, indicating that 
this organism either cannot absorb the unhydrolyzed fat or cannot split 


Fia. 4 5 


Fic. 4. Response of L. casei 280-16 to pLt-a-hydroxymyristic acid in the control 
medium (Curve A) and in the same medium supplemented with 4 mg. per cent (Curve 
B) and 16 mg. per cent (Curve C) of Tween 40. The values on the horizontal scale 
are the millimicromoles of pL-a-hydroxymyristic acid per ml. of medium. Those on 
the vertical scale are the titration values (ml. of 0.01 N sodium hydroxide per ml. of 
culture). 

Fic. 5. Response of L. casei 280-16 to butter fat hydrolysate in the control medium 
(Curve A) and in the same medium supplemented with 4 mg. per cent (Curve B) and 
16 mg. per cent (Curve C) of Tween 40. The values on the horizontal scale are the 
micrograms of hydrolysate per ml. of medium (plotted logarithmically). Those on 
the vertical scale are the titration values (ml. of 0.01 N sodium hydroxide per ml. of 
culture). 


it. It may be noted that simple ester linkages are not split by L. casei 
280-16, as evidenced by the inactivity of pi-lactic acid ethyl ester (Table 
II). 

The finding of specific growth-promoting activity for L. caset 280-16 
in hydrolyzed butter fat is of interest because some research workers have 
long held that butter fat may possess a special nutritive value not found in 
certain vegetable fats. Results supporting this view (7) might be explained 
by the hypothesis that the p-a-hydroxy fatty acid content of butter fat 
is responsible for the stimulation of rat growth by this product, but not by 
corn oil, in diets containing lactose. That growth was satisfactory in the 
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absence of butter fat with diets containing carbohydrates other than lac- 
tose (7) may indicate that the lactose diet yielded an intestinal flora favor- 
ing the production of L-lactic acid, but little or no p-lactic acid which could 
serve as a precursor to the higher p-a-hydroxy fatty acids. 

The response of L. casei 280-16 to lanolin hydrolysate (Fig. 6) was antici- 
pated because wool wax has long been noted for its unusual content of 
hydroxy acids and more specifically because the presence of a-hydroxy- 
lauric and a-hydroxymyristic acids (nutritionally active, Tables II and 
III) in hydrolysates of this product has been established (8, 9). It seems 
likely that the a-hydroxy acids of wool wax are of the p series (5, 9), but 
alkaline hydrolysis (see “Experimental’’) may have racemized these acids 
in the present experiments. 


02 O04 
Fic. 6. Response of L. casei 280-16 to wool wax hydrolysate. The values on the 
horizontal scale are the mg. of hydrolyzed wool wax per ml. of medium. Those on 
the vertical scale are the titration values (ml. of 0.01 N sodium hydroxide per ml. of 
culture). 


The mutant strain of L. casei employed in the present investigation 
appears to differ from its parent solely in its inability to produce p-lactic 
acid (1). It seems likely, therefore, that the metabolic fate of p-lactic 
acid produced by the normal L. casei strain is the same as that of the p- 
lactic acid (or other p-a-hydroxy acid) supplied in the L. caset 280-16 
growth medium. The present evidence suggests that p-lactic acid serves 
in L. casei, and probably in other species also, as a metabolic precursor 


to long chain p-a-hydroxy acids, and in this regard the following se- — 


quence appears to be tentatively acceptable: glucose — pyruvic acid 


L-lactic dehydrogenase . ., lactic racemase 
—» L-laetie acid —» pd-lactic acid — 


CH3(CHs) ,CHOHCOOHL (intermediates of p configuration) CH3(CH2),- 
CHOHCOOR (essential lipide, containing esterified long chain p-e-hydroxy 
fatty acid). According to this scheme, L. casei 280-16 fails to grow in 
unsupplemented media because it lacks the racemase essential in the step 
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yielding p-lactic acid. Supplying p-lactic acid or some other absorbable 
(p-a-hydroxy acid) intermediate permits growth. The essential lipide re- 
sulting from this metabolic sequence might be expected to be a cerebroside. 
It is of interest, therefore, that yeast cerebronic acid is dextrorotatory in 
pyridine and is essentially of the same composition‘ as brain cerebronic 
acid (10). Hence, it is evidently of the p configuration (5). That the de- 
hydrogenase and racemase steps may occur separately as indicated in the 
proposed sequence has been shown by Kitahara et al. (11). 

It seems apparent from the preceding discussion that the a-hydroxy 
acids of brain cerebronic acid, yeast cerebronic acid, wool wax, and butter 
fat and those with nutritional activity for L. casei 280-16 are of the p con- 
figuration. It may be suggested, therefore, that natural lipide a-hydroxy 
acids are predominantly of the p series. 


SUMMARY 


p-a-Hydroxy fatty acids of from 3 to 14 carbon chain length were nutri- 
tionally active in meeting an essential growth requirement of Lactobacillus 
casei 280-16. Corresponding acids of the L configuration were inactive, as 
were analogous pL acids containing hydroxyl, carboxyl, and certain other 
substituent groups (in addition to the a-carboxyl and a-hydroxyl). Hy- 
drolysates of butter fat and wool wax contained nutritionally active sub- 
stances, presumably p-a-hydroxy fatty acids. It was suggested that the 
p-a-hydroxy fatty acids serve as metabolic precursors to long chain D-a- 
hydroxy acid components of essential lipides in L. casei and perhaps other 
species, and that naturally occurring lipide a-hydroxy fatty acids are pre- 
dominantly of the p series. 


Addendum—Horn and Pretorius (12) have demonstrated by direct comparison 
with the corresponding synthetic optically active a-hydroxy fatty acids that the 
wool wax a-hydroxy acids, cerebronic acid, and the 2-hydroxypentadecanoic acid 
derived from ustilic acid (13) are of the p configuration. 
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CHONDROITIN, A NEW MUCOPOLYSACCHARIDE* 


By EUGENE A. DAVIDSONT ann KARL MEYER 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Edward Daniels Faulkner Arthritis Clinic, Presbyterian 
Hospital, New York, New York) 


(Received for publication, July 13, 1954) 


While tissues of mesodermal origin contain a variety of sulfated muco- 
polysaccharides, only one non-sulfated acid mucopolysaccharide, hyalu- 
ronic acid, has thus far been isolated from such tissues. This laboratory 
recently reported on a study of bovine cornea in which a fraction was 
briefly described as hyaluronic acid-like (1). It was composed of equi- 
molar quantities of N-acetylhexosamine and uronic acid and was hydrolyzed 
by bacterial and testicular hyaluronidases at a rate comparable to that of 
hyaluronate. The only apparent difference between this fraction and hyal- 
uronic acid was an optical rotation of —21° compared to —65° to —78° for 
hyaluronate (2). This material, for which we propose the name chon- 
droitin, has been identified as an analogue of chondroitin sulfate A or C, 
free of or very low in sulfate. This conclusion is based on analytical data 
and on the isolation of chondrosamine and of the crystalline aldobiuronic 
acid chondrosin, identical in infra-red spectrum with chondrosin prepared 
from chondroitin sulfate A. 


EXPERIMENTAL 
Analytical Methods 


Procedures for the determination of uronic acid, hexosamine, nitrogen, 
sulfate, and reducing sugar have been described in earlier papers (3, 4). 
Enzyme experiments were performed at 37° in 0.1 mM acetate buffer, pH 
5.0, 0.15 M in sodium chloride, containing 2 mg. per ml. of gelatin (5). 


Materials 


The testicular hyaluronidase was a commercial preparation assaying 
1200 turbidity reducing units per mg.2. The pneumococcal hyaluronidase 
was prepared in this laboratory by ammonium sulfate fractionation of a 


* This work was supported by grants from the United States Public Health Service 
and the New York Chapter of the Arthritis and Rheumatism Foundation. 

t Taken in part from a thesis to be submitted by Eugene A. Davidson in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 

' We are indebted to Dr. Joseph Seifter of the Wyeth Institute of Applied Biochem- 
istry for the gift of this material. 
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type II pneumococcus autolysate? and assayed 80 turbidity reducing units 
per mg. 

The ion exchange resin as received (Dowex 1 X 1, 50 to 100 mesh)* was 
converted to the hydroxide form with n NaOH, back to the chloride form 
with nN HCl, and washed with distilled water until chloride-free. The col- 
umns were packed with a slurry of resin in water and back-washed three or 
four times with water, the resin being allowed to settle after each wash. 

2-Hydroxy-1-naphthaldehyde was prepared from $-naphthol (6), and 
sublimated in vacuo directly before use; m.p. 81°. 


Preparation of Fractions 


In a typical experiment, 2 gm. of a fraction containing 7.4 per cent sul- 
fate which was resistant to the action of pneumococcal hyaluronidase, 
prepared as described previously (1), were dissolved in 25 ml, of water and 
adsorbed on a column of Dowex, 1 X 1, chloride form (200 ml. of settled 
volume). The column was washed with water, followed by n hydrochloric 
acid. 500 ml. fractions were collected and tested for uronic acid by the 
carbazole reaction (7). A broad peak of uronic acid-containing material 
was combined, dialyzed until chloride-free, concentrated to a small volume 
in vacuo, and lyophilized to give 580 mg. of material. This preparation 
resembled hyaluronic acid in its solubility behavior, viscosity, and physi- 
cal characteristics. Uronic acid 36 per cent, hexosamine 28 per cent, 
N 2.73 per cent, SO, 2.1 per cent; [a]?? —20° (1 per cent, HO). 

When the uronic acid content of the effluent fractions had dropped to 
less than 10 y per ml., the eluting agent was changed to 3 n hydrochloric 
acid and the uronic acid-containing material isolated as above to yield 760 
mg. of material. Uronic acid 32 per cent, hexosamine 24 per cent, N 2.84 
per cent, SO, 13.1 per cent; [a]?? —29° (1 per cent, H20). 

In order to ascertain whether or not the low sulfate fraction of cornea 
was hyaluronic acid, isolation and identification of the hexosamine moiety 
were carried out. 

350 mg. of a low sulfate fraction were hydrolyzed under reflux for 4 hours 
with 10 ml. of constant boiling hydrochloric acid in the presence of 50 mg. 
of stannous chloride. The solution was treated with decolorizing carbon 
and filtered while warm. Tin was removed with H.S, the solution con- 
centrated to near dryness, and the hexosamine crystallized from aqueous 
methanol-acetone. Yield, 110 mg. (65 per cent based on the uronic acid 
content of the starting material); [a}?? +-82° (initial), fa}? +95° (20 hours) 
(1 per cent, HO). The rotation indicates chondrosamine. 


2 We are indebted to Dr. Gladys Hobby of the Pfizer Research Laboratories for 
this material. 

3 Polystyrene quaternary ammonium salt resin, 1 per cent divinylbenzene cross- 
linking; The Dow Chemical Company, Midland, Michigan. 
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The hexosamine was further characterized as the 2-hydroxynaphthyli- 
dene Schiff base. 40 mg. of the sugar were treated with 2-hydroxy-1- 
naphthaldehyde as described by Jolles and Morgan (8). The material so 
obtained melted at 175-178°, + 264° (initial), +243° (22 
hours) (0.33 per cent methanol); mixed melting point with authentic 
2-hydroxynaphthylidene chondrosamine, 173-176°. 2-Hydroxynaphthyl- 
idene glucosamine was also prepared by the same method; m.p. 199.5- 
200.5°, [alsis: +231° (initial), [a]sig, +210° (21 hours) (0.5 per cent meth- 
anol); mixed melting point with cornea hexosamine derivative, 165-170°. 

Further information regarding the structure of chondroitin could be 
gained from the nature of the basic repeating unit. Accordingly, isolation 
of a disaccharide was undertaken by procedures developed for cartilage 
chondroitin sulfate (9). 

300 mg. of a low sulfate fraction, isolated as described above, were hy- 
drolyzed for 4 hours at 100° with 10 ml. of N H:SO,4. The soluticn was 
adjusted to pH 5.0 with saturated barium hydroxide and the barium sulfate 
removed by centrifugation. The supernatant solution and water washings 
were adsorbed on a 20 ml. column of Dowex 50, H+ form (50 to 100 mesh).4 
The column was washed with water and eluted with 0.01 N acetic acid. 
50 ml. fractions were collected and screened by the ninhydrin reaction (10). 
A broad peak of positive fractions was combined, concentrated to a small 
volume in vacuo, and lyophilized to give 155 mg. of amorphous material. 
Yield, 75 per cent ona uronic acid basis. Analysis, uronic acid 53 per cent, 
hexosamine 44 per cent, N 3.93 per cent; NH»-N (ninhydrin) 4.03 per 
cent; +40° (1 per cent, H.O). 

Paper chromatography in butanol-acetic acid-water (11) (50:12:25) and 
spraying with the Elson-Morgan reagent (11) showed one spot having the 
same mobility as chondrosin from cartilage chondroitin sulfate. The 
amorphous material crystallized from distilled water as fine needles. <A 
sample recrystallized from aqueous ethanol and dried at 78° and 0.1 mm. 
over POs gave an infra-red spectrum® (KBr plate) (12) indistinguishable 
from that of crystalline chondrosin obtained from cartilage chondroitin 
sulfate. Peaks occurred at 2.70 (w), 3.01 (s), 3.50 (s), 5.06 (w), 6.20 (s), 
6.41 (s), 6.70 (m), 6.82 (m), 7.04 (s), 7.25 (m), 7.65 (s), 7.85 (m), 8.07 (m), 
8.50 (s), 8.65 (s), 9.00 (s), 9.35 (s), 9.76 (s), 10.03 (m), 10.38 (m), 11.24 (w), 
11.84 (m), 12.38 (m), 12.77 (m), 14.30 (s) (s = <20 per cent transmission; 
m = <40 per cent transmission; w = >40 per cent transmission). 

In order to study the effect of the configuration of the amino sugar on 
enzyme action, the hydrolysis by pneumococcal and testicular hyaluroni- 
dases on chondroitin and on hyaluronic acid was compared. 


‘ Sulfonated polystyrene resin, 8 per cent divinylbenzene cross-linking (Dow). 
’ We wish to thank Dr. Morris Engleman for his assistance with the use of a Beck- 
man infra-red spectrometer. 
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Chondroitin at 10 mg. per ml. was incubated with pneumococcal and 
testicular hyaluronidase at 2 mg. per ml. The hydrolysis was followed by 
the increase in reducing sugar over the zero time. The results are shown 
in Fig. 1 with the corresponding values for hyaluronic acid hydrolysis. 
Paper chromatography of pneumococcal and testicular enzyme digests of 
chondroitin in butanol-acetic acid-water (50:12:25) and spraying with the 
Elson-Morgan reagent gave patterns substantially the same as those ob- 
tained with hyaluronic acid digests. 
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Fig. 1. Comparison of hydrolysis of hyaluronate and chondroitin by pneumococcal 
and testicular hyaluronidase. Curves A and C, hyaluronate with pneumococcal and 
testicular enzyme, respectively; Curves B and D, chondroitin with pneumococcal 
and testicular enzyme, respectively. 


Since chondroitin sulfate is essentially completely resistant to hydrolytic 
splitting by bacterial hyaluronidases, whereas chondroitin is almost com- 
pletely hydrolyzed to a disaccharide, it was thought desirable to test the 
action of bacterial enzyme on a partially desulfated chondroitin sulfate. 

900 mg. of cartilage chondroitin sulfate (SO, 16.1 per cent) were heated 
at 100° for 45 minutes with 18 ml. of Nn HsSO,4. The solution was adjusted 
to pH 4.7 with saturated barium hydroxide solution and the BaSQ, re- 
moved by centrifugation. The supernatant solution and water washings 
were treated with 2 volumes of 95 per cent ethanol. After standing over- 
night in the ice box, the solution was decanted from a small precipitate and 
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adsorbed on a carbon column (Darco G-60-Celite 535, 2:1). The digest 
was eluted with 5 per cent pyridine and the eluate lyophilized to yield 260 
mg. of material. Analysis, SO, 7.1 per cent, reducing sugar (ferricyanide) 
13.8 per cent as glucose, reducing sugar (hypoiodite (13)) 13.7 per cent as 
glucose. This partially desulfated, partially degraded material was in- 
cubated with pneumococcal and testicular enzymes as described above. 
The results are presented in Fig. 2. 
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Fic. 2. Comparison of hydrolysis of chondroitin sulfate and partially degraded, 
partially desulfated chondroitin sulfate with pneumococcal and testicular enzyme. 
Curves A and C, desulfated preparation with pneumococcal and testicular enzyme, 
respectively; Curve B, chondroitin sulfate with testicular enzyme; Curve D, chon- 
droitin sulfate with pneumococcal enzyme. 


DISCUSSION 


The isolation of a fraction containing only 2 per cent sulfate raises a 
question as to its origin. It seems extremely unlikely that the isolation 
processes led to extensive desulfation. Procedures similar to those de- 
scribed in these experiments have been followed in the laboratory for many 
years without encountering any demonstrable sulfate loss. Furthermore, 
the fraction which was originally isolated contained 7.4 per cent sulfate and 
was resolved into two fractions, one containing 2.1 per cent and one 13.1 
per cent sulfate. Enzymatic desulfation by a glycosulfatase has never been 
demonstrated in mammalian tissues. It is therefore probable that chon- 
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droitin represents the precursor of chondroitin sulfate. In other words, 
the polysaccharide chain is first synthesized and subsequently sulfated. 
If this hypothesis is correct, similar fractions should be encountered in 
skin, cartilage, and epiphyseal plates where rapid incorporation of sulfate 
into chondroitin sulfates has been demonstrated by isotopic methods (14, 
15). Thus far, fractions corresponding to chondroitin have not been iso- 
lated from these sources. However, on fractionation of cartilage extracts 
we constantly find a drop in sulfate to hexosamine ratio and optical rotation 
with increasing alcohol concentration. In addition, fractions similar to 
the one containing 7 per cent sulfate have been observed in tendon, heart 
valves, and other connective tissues. 

The isolation in high yield of crystalline chondrosin and its identity 
with that obtained from cartilage chondroitin sulfate are proof that both 
polymers contain a high proportion of the same repeating unit. The only 
established difference between chondroitin and hyaluronic acid is in the 
amino sugar moiety of the disaccharide. The establishment of the strue- 
ture of the repeating aldobiuronic acid of hyaluronic acid as a 8-glucuronido- 
1 ,3-glucosamine has been reported (16). Chondrosin has been estab- 
lished as a 8-glucuronidochondrosamine and is probably 1,3-linked (9). 
Thus, the specificity of hyaluronidases of bacterial origin does not extend 
to the amino sugar. It is of interest in this connection that the bacterial 
hydrolysis product of chondroitin has the same paper mobility as that 
produced from hyaluronate. It thus appears to be an unsaturated uronide, 
as is the latter (17). Conclusions based on the use of bacterial enzyme to 
demonstrate the presence of hyaluronic acid as opposed to chondroitin 
sulfate in histological sections must take account of chondroitin as a pos- 
sible component. 

The failure of the bacterial enzyme to attack chondroitin sulfate may be 
ascribed to the inhibitory effect of the sulfate group. The hydrolysis of 
the randomly desulfated fraction presumably takes place at the site of 
desulfation. 


We wish to thank Miss Phyllis Sampson and Mrs. Violet Lippman for 
analytical assistance. 


SUMMARY 


A polysaccharide fraction isolated from bovine cornea contained equiv- 
alent amounts of hexosamine and uronic acid, but was low in sulfate. By 
fractional elution from ion exchange resin, it was separated into a high and 
a low sulfate fraction. The latter on hydrolysis yielded chondrosamine, 
identified by its rotation and its 2-hydroxynaphthylidene derivative. The 
deacetylated and desulfated repeating unit was prepared from the poly- 


Si 
ti 
| 
ri 
th 
2 
3 
5 
6 
7 
8 
| 9 
10 
12 
13 
14 
15 
16 
17 
} 


E. A. DAVIDSON AND K. MEYER 611 


saccharide in high yield and crystallized. Its infra-red spectrum was iden- 
tical with that of chondrosin prepared from chondroitin sulfate of hyaline 
cartilage. The mucopolysaccharide thus is characterized as chondroitin’ 
Testicular and pneumococcal hyaluronidases hydrolyzed chondroitin at a 
rate comparable to that of hyaluronate. Chondroitin is considered to be 
the precursor of chondroitin sulfate. 
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EFFECT OF VARIOUS IONS ON THE RESPIRATION OF 
AZOTOBACTER 


By CHARLES R. GOUCHER ann WALTER KOCHOLATY 


(From the Biochemistry Department, Army Medical Research Laboratory, 
Fort Knoz, Kentucky) 


(Received for publication, June 10, 1954) 


The oxidative capacity of a bacterium is determined to a large extent by 
the chemical composition of the medium in which it is grown (1). Assays 
of the oxidative activity of bacteria are frequently made with cells which 
are washed and suspended in phosphate buffer (2) or in sodium or potas- 
sium chloride (3). By using a manometric technique (4), the ability of 
such washed cells to oxidize organic compounds may be determined in the 
presence of various inorganic ions (5). 

The present study is concerned with the effect of inorganic ions on the 
oxidative ability of Azotobacter cells which have been effectively freed of 
some of the ions of the growth medium. The data presented here empha- 
size the importance of a rigidly controlled ionic environment in studies of 
the intermediary metabolism of this organism. 


EXPERIMENTAL 


Organisms—Two strains of Azotobacter were used, Azotobacter agile A4A' 
and a non-motile organism designated as Azotobacter ‘‘Q.’” 

Media—The synthetic medium described by Karlsson and Barker was 
used (2). The medium without a carbon source will be referred to as the 
“complete salt medium.”” The pH was adjusted to 7.0 with HsSO,. The 
carbon sources for growth were sterilized by autoclaving and were added 
to the sterile salt medium in such quantities as to give final concentrations 
of 1.0 per cent. 

Cultivation—The organisms were grown on a rotary type shaker at 30° 
for 24 hours. At harvesting time, glucose-grown cultures usually had at- 
tained a pH of 6.5 and an optical density of approximately 0.30, measured 
with a Coleman junior spectrophotometer at 6500 A. Cells grown on an 
acetic acid medium attained a pH of 8.4 and an optical density of about 
0.20. 


‘A. agile A44 was generously supplied by Dr. H. A. Barker, Division of Plant 
Nutrition, University of California, Berkeley, California. 

? Azotobacter ““Q”’ was received through the courtesy of Dr. A. Kisenstark, Depart- 
ment of Bacteriology, Kansas State College of Agriculture and Applied Science, 
Manhattan, Kansas. 
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Harvesting—At the end of a 24 hour growth period, the cells were centri- 
fuged from the growth medium and resuspended in M/15 potassium phos- 
phate buffer at pH 7.0 and the suspension was adjusted to an optical density 
of approximately 0.25. 

Washing—Cells contained in 10 ml. of this optically adjusted suspension 
were washed five times with 10 ml. of M/15 potassium phosphate buffer. 
At the end of the fifth washing the suspensions were adjusted to an optical 
density of 0.25 with the same buffer, and 0.5 ml. of such a suspension was 
used in each Warburg flask for respiration studies. 

Respiration Studies—Each Warburg flask had the following fluid contents 
added in the order indicated: Center well, 0.15 ml. of 20 per cent KOH; 
reaction chamber, 1.0 ml. of MgSO, or other salt solutions as indicated, 
1.0 ml. of buffer, and 0.5 ml. of cells at the optical density used; side arm, 
0.5 ml. of substrate. The amount of substrate added to each flask would 
require theoretically 448 ul. of O2 for its complete oxidation to carbon dioxide 
and water. Manometric determinations were not compensated by en- 
dogenous rates. The gas phase was air and the reaction was maintained 
at a temperature of 35°. Cells were left in contact with magnesium for 
about 45 minutes at room temperature after washing and before the intro- 
duction of substrate to the reaction chamber. All salt and substrate solu- 
tions were prepared in water previously distilled in a metal still and then 
passed through an ion exchange column (Deeminizer). The distilled water 
thus obtained had a conductivity corresponding to 0.25 p.p.m. of NaCl. 


Results 


Influence of Washing Procedure and Composition of Washing Solution on 
Oxidative Capacity—Fig. 1 illustrates the changes in oxidative capacity of 
acetate-grown A. agile A44 which occurred with repeated washings of the 
cells. Cells washed five times with the complete salt medium had ap- 
proximately identical oxidative activities as the unwashed cells. When 
cells were washed with M/15 potassium phosphate buffer, the first washing 
halved and subsequent washings further diminished the oxidative capacity 
of the organism. However, when MgSO, was added to cells washed with 
phosphate buffer, essentially full oxidative capacities were restored. 

Effect of Various Ions on Restoration of Oxidative Activity of Washed 
Cells—The abilities of ions present in the growth medium to influence, 
singly and in various combinations, the oxidation of succinate by acetate- 
grown A. agile A44 were investigated. CaSO,, FeSO,, and NasMoO,, singly 
and in various combinations, were observed to exert a negligible effect on 
the oxidation of succinate by acetate-grown cells washed and suspended in 
potassium phosphate buffer. Combinations of the ions of the growth me- 
dium with MgSO, in the presence of potassium phosphate did not result 
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in rates of oxidation greater than those obtained with magnesium alone. 
The effect of Mg** could not be duplicated with MnSOQ,, CoCh, or ZnCl 
at. 0.02 per cent concentrations. 

When cells were washed with 0.05 m tris(hydroxymethy])aminomethane 
(Tris) buffer, pH 7.0, instead of the phosphate buffer, the importance of 
Mg** to succinate oxidation was still evident, although revealed in a dif- 
ferent pattern (Fig. 2). No single ion of the growth medium restored the 
original oxidative capacity of Tris-washed Azotobacter cells; Fe**+, MoO,, 
and Cat+ showed almost no effect and cells with Mg** alone showed only 


8 | 
A 
NUMBER OF WASHINGS 

Fic. 1. Influence of washing procedures on oxidative activity. Reaction mixture, 
0.5 ml. of acetate-grown A. agile A44 cells in mM/15 potassium phosphate buffer, pH 
7.0, 0.5 ml. of substrate (succinate) in M/15 potassium phosphate buffer, pH 7.0, 2.0 
ml. of m/15 potassium phosphate buffer, pH 7.0. A, unwashed cells and cells washed 
five times in whole salt medium; B, cells washed one, two, and five times in m/15 
potassium phosphate buffer, pH 7.0, with no magnesium added; C, cells washed one 
and five times in m/15 potassium phosphate buffer, pH 7.0, with magnesium added. 


about 50 per cent of the original oxidative activity. However, the combi- 
nation of Fe, Ca, or Mo ions at concentrations of the whole salt medium 
with Mg** resulted in a restoration of activity, and the combination of 
potassium phosphate and MgSO, appeared to enhance the oxidative ability 
of these washed cells. 

Only under conditions of low PO," concentrations, indicated in Fig. 2, 
was the stimulation of succinate oxidation associated with Ca**. Stimu- 
lation of the respiration of Azotobacter chroococcum by calcium ion at low 
pH values has been reported by Harris and Gainey (6). In the present 
study, with washed cells in M/15 potassium phosphate buffer at pH 5.8, 
respiration was not observed in the presence or absence of calcium or mag- 
nesium ions. 
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The properties of complex-forming agents such as citrate or Versenate 
were used to demonstrate the importance of Mg** to the oxidation processes 
of Azotobacter. Cells which had been washed with phosphate buffer may 
oxidize succinate at approximately half the velocity attained in the pres- 
ence of an optimal Mg** concentration. This half maximal rate may be 
reduced to zero in the presence of 0.3 per cent sodium citrate. Such an 
inhibition of succinate oxidation may be entirely abolished by the addition 


CONSUMED IN 285 MIN. 


HQ 


| 


CaS04 + MgSO04 

FeSO4 + MgSO4 
KaHPOg + MgSOq 

SALT MEDIUM 


FeSO, 


| 


MgSOq 
CaSO, 
M/15 KHyPO, 
TRIS- BUFFER 


Fic. 2. Influence of various ions on oxidative activity with Tris buffer. Reac- 
tion mixture, 0.5 ml. of acetate-grown A. agile A44 cells suspended in 0.05 m Tris 
buffer. Cells were washed five times with 0.05 m Tris buffer, pH 7.0; 0.5 ml. of sub- 
strate (succinate) in 0.05 m Tris buffer; 2.0 ml. of 0.05 m Tris buffer, pH 7.0; tem- 
perature 35°. Ions were added in the same concentrations as those found in the 
whole salt medium. 


of MgSO, to the reaction mixture. Preliminary experiments have indi- 
cated that shaking of cells with ion exchangers may represent a convenient 
method for studying the importance of various ions with regard to the 
metabolism of bacterial cells. 

Effect of Magnesium on Oxidation of Glucose and Acetate by Cells Adapted 
to These Substrates—A. agile A44, when grown on a glucose medium, is 
adapted to the oxidation of both acetate and glucose. Data presented in 
Fig. 3 indicate the effect of various concentrations of MgSO, on the oxida- 
tion of acetate by glucose-grown cells. Magnesium also was observed to 
be essential for the oxidation of glucose by glucose-grown cells. 
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Effect of Mq** on Oxidation or Adaptation to a-Ketoglutarate, Succinate, 
and Malate by Cells Unadapted to These Substrates—Cells of A. agile A44 and 
Azotobacter Q grown on glucose were unadapted to the oxidation of a-keto- 
glutarate, succinate, and malate. 
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Fic. 3. Magnesium concentration and the rate of acetate oxidation. Reaction 
mixture, 0.5 ml. of glucose-grown A. agile A44 cells in M/15 potassium phosphate 
buffer, pH 7.0. Cells were washed five times with same buffer. 0.5 ml. of substrate 
(acetate) in 0.05 m potassium phosphate buffer; 2.0 ml. of 0.05 m potassium phosphate 
buffer, pH 7.0; temperature 35°. Varying molar concentrations of MgSO, were 
used as indicated on the curves. 
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MINUTES 
Fic. 4. Magnesium concentration and rate of succinate oxidation. Conditions 
identical with those in Fig. 3, except that the substrate was succinate. 


Data presented in Fig. 4 show the influence of various concentrations of 
MgSO, on the ability of glucose-grown and washed cells of A. agile A44 to 
oxidize succinate. At low MgSO, concentrations (1.6 K 10~-° mM), succinate 
was oxidized without any appreciable increase in rate of oxidation after the 
first 60 minutes of incubation. Increasing increments of Mg** concentra- 
tion led to increasing and eventually maximal rates of substrate oxidation. — 
Similar conditions prevailed with Azotobacter Q, when grown on a glucose 
medium and tested with succinate as substrate in the presence of various 
concentrations of MgSO,. The effect of MgSO, concentration on the oxi- 
dation of a-ketoglutaric or malic acid by glucose-grown A. agile A44 cells 
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is largely typified by the response of these cells to succinate. With partic- 
ular reference to malate, 1.6 &K 10°° m MgSO, stimulated malate oxi- 
dation but did not permit an increase in rate of oxidation comparable to 
those observed with higher MgSO, concentrations. With diminishing con- 
centrations of Mg**, the rate of oxidation of malate approached zero. 


DISCUSSION 


The importance of Mgt* to the biochemical processes involved in inter- 
mediary metabolism has been emphasized by Ochoa (7). The essentiality 
and mode of participation of various ions in the growth of Azotobacter have 
been the subject of many investigations (8). In respiratory studies of the 
genus Azotobacter, Harris and Gainey (6) reported a stimulation of respira- 
tion by Ca** at low pH values. Harris (5) and Karlsson and Barker (2) 
added Ca** to the reaction mixture in studies of Azotobacter metabolism. 

The effect of magnesium and other ions on the respiration of Azolobacter 
was studied by Harris and Gainey (6) using a basal salt medium containing 
approximately 5 X 10-*'m MgSO,. ‘The addition of Mg** to this salt solu- 
tion, already high in Mg** content, did not result in an increase in respira- 
tion. It was concluded from these observations that the Mg ion is not 
essential for the respiration of Azotobacter cells. It should be noted, how- 
ever, that a 5 & 10 mM MgSO, concentration is sufficient to saturate many 
times over every oxidase system examined in the present study. Williams 
and Wilson have stated that MgSO, stimulates succinate oxidation without 
affecting the duration of the adaptive lag on succinate (9). 

Data presented here show that acetate- and glucose-grown cells, washed 
thoroughly in potassium phosphate buffer, required magnesium ion for the 
oxidation of various organic compounds. Combinations of Mg** with 
other cations present in the growth medium, in the presence of potassium 
phosphate, were not observed to enhance the stimulation effected by Mg*+ 
alone. 

The importance of magnesium ion for the oxidative process was also 
evident when tris(hydroxymethyl)aminomethane buffer was substituted for 
the phosphate buffer in the washing procedure. The addition of Ca, Fe, 
and Mo ions to the reaction mixture, singly or in combination, did not in- 
fluence appreciably the oxidation of the substrate. However, the combi- 
nation of any of the aforementioned ions with Mg* effected a considerable 
increase in the rate of oxidation. A still greater increase was achieved by 
the combination of potassium phosphate with MgSO,. Such an activation 
has also been observed by Stone and Wilson (3), who found the combina- 
tion of PO and Mg** necessary for optimal oxidative activity of dialyzed 
cell-free extracts of Azotobacter vinelandii. 

Glucose-grown cells of A. agile A44, when suspended in a potassium phos- 
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phate buffer at a certain Mg** concentration, were capable of a rapid and 
immediate oxidation of acetate and glucose at a rate which was relatively 
constant for a number of hours. This pattern of oxidation may be con- 
trasted with the response of glucose-grown cells to substances such as 
a-ketoglutarate, succinate, or malate. Before glucose-grown organisms 
could oxidize these acids at a constant rate, a lag or adaptation period was 
required in which the rate of oxidation increased until a constant rate was 
obtained. 

From the standpoint of oxidation, glucose-grown A. agile A44 may be 
said to be adapted to the oxidation of glucose and acetate and unadapted 
to the oxidation of a-ketoglutarate, succinate, and malate. The presence 
of magnesium ions was observed to affect the ability of these cells to oxidize 
glucose, acetate, a-ketoglutarate, succinate, and malate. 

The findings reported may be of importance in interpreting processes of 
intermediary metabolism as they are evidenced by the oxidative activities 
of the whole bacterial cell. Cell suspensions containing a given concentra- 
tion of Mg** could be prepared, which permitted a constant and rapid rate 
of oxidation of acetate, but only a slow oxidation of succinate or malate 
without appreciable adaptation to succinate or malate oxidation. Further 
additions of Mg** to such suspensions resulted in adaptation to succinate 
or malate and oxidation of these compounds at rates comparable to the 
maximal rate observed in acetate oxidation. 

The ability of Azotobacter cells to oxidize various compounds may be 
compared validly only in media which contain sufficient Mg** to permit the 
full expression of the innate capacity of the organism. Studies on Azoto- 
bacter respiration performed without regard to optimal Mg** requirements 
may lead to erroneous conclusions concerning the metabolism of these 
cells. 


SUMMARY 


1. The oxidative activities of zolobacter agile A44 and Azotobacter Q 
were greatly influenced by the washing procedure employed in preparing 
the cells for metabolic studies. 

2. Ca, Fe, and Mo ions, singly or in combination, were found to be in- 
effectual in stimulating succinate oxidation by Azotobacter cells grown on 
acetate ond suspended in potassium phosphate buffer without added 
MgSO, However, magnesium ion was found to stimulate the oxidation 
of succinic acid by acetate-grown cells. 

3. By using washed glucose-grown cells, it was shown that Mg** was 
essential for the oxidation of acetate and glucose, to which the cells were 
adapted. Mg** was also essential for the adaptation to or oxidation of 
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a-ketoglutarate, succinate, and malate, to which substrates the glucose- 
grown cells were not adapted. 
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ENZYMATIC THIOLTRANSACETYLATION* 


By ROSCOE O. BRADY anv E. R. STADTMAN 


(From the Naval Medical School, National Naval Medical Center, and the Section on 
Cellular Physiology, National Heart Institute, National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland) 


(Received for publication, July 6, 1954) 


Cell-free extracts of Clostridium kluyvert and pigeon liver acetone powder 
catalyze the transfer of the acetyl group of acetyl SCoA' to a number of 
sulfhydryl-containing acceptors (Table 1). By using acetyl P in the pres- 
ence of phosphotransacetylase (2) and catalytic amounts of CoASH to 
generate acetyl SCoA, the reaction may be represented as follows: 


phosphotransacetylase _ 
Acetyl P + CoASH = acetyl SCoA + Pi 


thioltransacetyluse 
Acetyl SCoA + RSH — acetyl SR + CoASH 


Sum, acetyl P + RSH =— acetyl SR + Pi 


Fractionation of the pigeon liver extracts revealed that there are at least 
three separate enzymes exhibiting thioltransacetylase activity. The sep- 
aration, partial purification, and some of the properties of these enzymes 
are reported. 


EXPERIMENTAL 


Assay Methods—The essential components of the thioltransacetylase 
system are shown in Table II. Following incubation, the reaction mix- 
tures were adjusted to pH 4.3 with 0.2 ml. of 1.0 M acetate buffer and then 
heated for 5 minutes at 100°. The heat-stable thiol esters were then meas- 
ured by the hydroxamic acid method (3) as previously described (4), ex- 
cept that 0.5 ml. of neutralized hydroxylamine, 0.3 ml. of water, and 1.5 
ml. of FeCl; reagent were used to give a final volume of 3.0 ml. A con- 
trol determination without enzyme was performed for all substrates tested. 
1 unit of thioltransacetylase activity is defined as the amount of enzyme 
which catalyzes the synthesis of 1 umole of acetyl thiol ester in 30 minutes 
at 30° in a reaction mixture containing the following components in a total 
volume of 0.5 ml.: 2-mercaptoethanol, 30 umoles; TEA buffer (pH 7.0), 50 


* A preliminary report of this work was presented at the Federation of American 
Societies for Experimental Biology at Atlantic City, April, 1954 (1). 

‘The following abbreviations are used: acetyl phosphate, acetyl P; orthophos- 
phate, Pi; reduced coenzyme A, CoASH; acetyl coenzyme A, acetyl SCoA; phospho- 
transacetylase, PTA; triethanolamine hydrochloride, TEA. 
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umoles; CoASH, 10 units; acetyl P, 10 umoles; phosphotransacetylase, 14 
units; and thioltransacetylase. Under the conditions of this assay pro- 
cedure, 7.e. at pH 7.0 and at the low concentration of CoASH, the non- 
enzymatic transfer of the acetyl group (4) is negligible. 

An alternative spectrophotometric assay method was also used at times. 
The method and results are described in Fig. 1. The increase in the opti- 
cal density at 240 my owing to thiol ester formation is linear with respect 


TABLE I 
Acetylation of Mercaptans by Extracts of Pigeon Liver and C. kluyveri 
Except as noted, the reaction mixture contained 30 wmoles of mercaptan, 50 
umoles of TEA buffer (pH 7.0), 10 units of CoASH, 10 wmoles of acetyl P, 14 units 
of PTA, pigeon liver extract (8.8 mg. of protein) or C. kluyveri extract (0.66 mg. of 
protein), and water to total volume of 0.56 ml. The mixtures were incubated for 30 
minutes at 30°. 


| Mercaptan acetylated per 30 min. per 
mg. protein 


Pigeon liver extract | C. kluyveri extract 
| pmoles pmoles 
0.28 4.6 
6,8-Dimercaptooctanoic acid*..................... 0.064 1.0 
2-Mercaptopropionic acid......................... | 0.064 0.34 
5,8-Dimercaptooctanoic acid*..................... | 0.042 1.5 
2-Mercaptoethylamine............................| 0.034 0.82 
a-Mercaptosuccinic acid.......................... | 0.017 0.00 
3-Mercaptopropionic acid......................... | 0.014 | 0.15 
| 0.006 | 


* 60 umoles of the pL mixture of these acids were used. 


to time from 0 to 9 minutes and with enzyme concentrations ranging from 
0.25 to 1.0 unit. Each unit of thioltransacetylase activity causes an in- 
crease in the optical density of 0.043 per minute. 

Because certain mercaptans such as 2-mercaptoethylamine and cysteine 
do not form stable thiol esters (4), it was impossible to measure thioltrans- 
acetylation by the previously described assay procedures. An alternative 
method was used in which the disappearance of acetyl P from the incuba- 
tion mixture was measured. The thioltransacetylase preparation to be 
tested was incubated as described above in the original procedure except 
that 3.5 wmoles instead of 10.0 wmoles of acetyl P were present initially. 
A vessel without mercaptan served as a control. Acetyl P determinations 
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were done as described previously (2,3). The loss of acetyl P owing to the 
presence of the mercaptan was ascribed to the thioltransacetylase activity 
of the enzyme being investigated. Since acetylglutathione thiolesterase is 
present in liver extracts (5), both assay methods were used when the ace- 
tylation of glutathione was investigated. 

Purification of Thioltransacetylases—Acetone powder preparations of 
pigeon liver were triturated with 7 volumes of 0.05 m phosphate buffer 
(pH 7.0). The suspension was ground in a chilled mortar at 0° for 10 
minutes and then centrifuged in a Servall SS-1 centrifuge at top speed 
for 60 minutes in a cold room at 4°. The supernatant solution was frozen 
for 24 hours and the precipitate which formed upon thawing was removed 


TaBLe II 
Components of Thioltransacetylase System 
Except as noted, the reaction mixture contained 30 wmoles of 2-mercaptoethanol, 
50 uymoles of TEA buffer (pH 7.0), 10 units of CoASH, 10 uwmoles of acetyl P, 14 units 
of PTA, 2 units of thioltransacetylase A (33 units per mg. of protein), and water to 
total volume of 0.5 ml. Incubation time, 30 minutes at 30°. 


Reactant omitted | Mercaptan acetylated 


by centrifugation. The supernatant solution was fractionated by addi- 
tion of chilled ethanol at —12°. The material precipitating between 30 
and 74 per cent alcohol (Fraction I) was taken up in 0.2 m TEA buffer 
(pH 7.0). Fraction I was then treated with a saturated solution of am- 
monium sulfate (adjusted to pH 7.0 with NH,OH) and the protein pre- 
cipitates obtained between 0 and 47 per cent (Fraction II) and 62 to 68 
per cent (Fraction III) ammonium sulfate saturation were separated by 
centrifugation and taken up in the 0.2 m TEA buffer. Only Fractions II 
and III exhibited appreciable thioltransacetylase activity. It should be 
pointed out that evidence for the separation of two distinct enzymes be- 
came apparent at this point. 

In addition to 2-mercaptoethanol, Fraction IL catalyzes the acetylation 
of various other mercaptans including reduced lipoiec acid, 5,8-dimercapto- 
octanoic acid, 2-mercaptopropionic acid, and a-mercaptosuccinic acid. 
Since the relative ability of this fraction to acetylate 2-mercaptoethanol 
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and reduced lipoic acid did not change with further purification (Table 
III), it is probable that a single enzyme in this fraction catalyzes the ace- 
tylation of both substrates. Fraction III, on the other hand, does not 
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Fic. 1. Spectrophotometric assay of thioltransacetylase. The reaction mixture 
consisted of 0.014 umole of acetyl SCoA, 54 umoles of potassium acetate, 27 wmoles 
of 2-mercaptoethanol, 5.4. wmoles of imidazole hydrochloride buffer (pH 7.0), 2.7 
umoles of acetyl P, 28 units of PTA, the thioltransacetylase preparation to be tested, 
and water to total volume of 1.0 ml. in a cuvette of 1 ml. capacity. A reference 
cuvette contained all components except thioltransacetylase. The numbers on the 
curves refer to mg. of protein of pigeon liver extract. Acetyl SCoA was employed 
to eliminate any change in the optical density at 240 my due to the formation of the 
thiol ester of CoASH. 


cause the acetylation of reduced lipoie acid; it can, however, use 2-mer- 
captoethylamine as a substrate in addition to 2-mercaptoethanol. The 
differences in substrate specificity of the two fractions suggest that each 
contains a different thioltransacetylase which can utilize 2-mercaptoethanol 
as a common substrate. This conclusion is further supported by experi- 
ments described below, showing that the thioltransacetylase activity of 
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Fraction II is adsorbed on calcium phosphate gel with difficulty whereas 
the active moiety in Fraction III is readily adsorbed. For clarity, the 
thioltransacetylase in Fraction II will hereafter be referred to as thiol- 
transacetylase A and that found in Fraction III will be referred to as thiol- 
transacetylase B. 

Further Purification of Thioltransacetylase A—¥Fraction II was diluted to 
a protein concentration of 2 mg. per ml. and adjusted to 0.06m TEA. This 
solution was treated with calcium phosphate gel (9.4 mg. per ml., pH 6.7) 
to give a gel-protein ratio of 1.4. The suspension was stirred for 2 min- 


TaBLe III 

_ Purification of Thioltransacetylase « A 
Acetylation 
| Sts | -« 
; Total Units | BE | E 
Fraction No. ‘Volume unite | | 
| = 
| ~ 

mi. | | 
39 371* 0.065 0.23 | 0.75 
II. Ppt, 0-47% (NH,)2SO, saturation........... 10 | 150 | 4.2 | 0.44 0.10 
IV. Supernatant 2nd gel step, Fraction I1..... 30 142 | 22.0 0.50 | 0.11 
V. Ppt. 45-65% (NH,4).280, saturation, Frac- | | 

3.1; 90 33.0 0.41 | 0.15 


* The concentration of thioltransacetylase A in the original extract and in Frac- 
tion I was calculated from the relative rates of acetylation of 2-mercaptoethanol and 
reduced lipoie acid as described in Foot-note 2. 


utes at O° and then centrifuged and the precipitate discarded. The su- 
pernatant solution from this gel step was subsequently adjusted to a gel- 
protein ratio of 2.3, stirred, and centrifuged. The supernatant solution 
(Fraction IV) was found to contain the entire thioltransacetylase activity. 
This solution was treated with solid (NH4)2S8O,4, and the material precipi- 
tating between 45 and 65 per cent ammonium sulfate saturation was taken 
up in 0.2 m TEA buffer and designated as Fraction V. 

Table III summarizes the results of the various purification steps. Frac- 
tion V represents a 500-fold purification of the enzyme when compared with 
the original extract.2._ Data were obtained from kinetic studies of the puri- 


2 In the crude extract, the ratio (rate of acetylation of reduced lipoic acid)/(rate 
of acetylation of 2-mercaptoethanol) = 0.23, whereas a ratio of 0.44 is obtained for 
the purified thioltransacetylase A. Assuming that all of the reduced lipoie acid 
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fied enzyme in which the rate of acetylation of 2-mercaptoethanol was 
measured as a function of the substrate concentration. It was calculated 
that the Michaelis constant for this substrate is 0.09 mM. 

Further Purification of Thioltransacetylase B--¥raction 1 was diluted 
to a protein concentration of 2.0 mg. per ml. and adjusted to 0.06 m THA; 
this solution was treated with sufficient calcium phosphate gel to give a 
gel-protein ratio of 1.2. After centrifuging, the supernatant solution was 
designated as Fraction VI. This fraction represents a 110-fold purifiea- 
tion of the enzyme from the crude extracts with an over-all recovery of 
about 40 per cent (Table IV). Reduced lipoie acid is completely inactive 


TABLE IV 
Purification of Thioltransacetylase B 
| Acetylation 
| | 
| fe! gig 
Vol- | Total | Sis | 
| SIS | als 
4 
| mil. | 
39 | 345* 0.060 | 0.23. 0.75 0.12 
I. Ppt. 30-74% ethanol..................... 255" 0.77 0.23) 0.29 
III. Ppt. 62-68% (NH,4)2SO, saturation...... «165 0.00) 0.08) 0.18 


VI. Supernatant Ist gel step, Fraction II.. 54 145 7.1 = 0.00 t t 


* See legend to Table III. 
t Not determined. 


as a substrate with this preparation. However, this fraction is able to 
catalyze the acetylation of 2-mercaptoethylamine at a rate about 0.17 
times as great as that obtained with 2-mercaptoethanol. 

H.S-T hioltransacetylase—It is seen in Table I that crude extracts cata- 
lyze a relatively rapid reaction in which HS serves as the acetyl! acceptor. 
The data in Tables III and IV show that the early steps in the purification 
of thioltransacetylases A and B from pigeon liver extracts result in an 


transacetylase activity in the crude extract is due to thioltransacetylase A, the 
amount of thioltransacetylase A in the crude extracts is 0.23/0.44 & 100 = 52 per 
cent of the total enzyme activity as measured by the acetylation of 2-mercapto- 
ethanol. 

* Further addition of gel to give a gel-protein ratio of 1.3 resulted in adsorption 
of the enzyme on the gel. The enzyme was eluted from the gel with 0.1 Mm phosphate 
buffer (pH 8.0), but the latter step resulted in no purification. 
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almost complete loss in ability to acetylate HS. This finding indicates 
that a separate enzyme (or enzymes) is responsible for most of the H.S 
acetylation activity of the crude extracts. This enzyme is very labile and 
all preliminary attempts to purify it by ammonium sulfate, acetone, or 
alcohol fractionation procedures have resulted in almost complete destruc- 
tion of activity. 


TaBie V 
Enzymatic Synthesis of Thioacetic Acid 

The pigeon liver test solutions contained 100 wymoles of TEA buffer (pH 7.0), 60 
ymoles of potassium sulfide (pH 7.0), 20 units of CoASH, 10 wmoles of C'*-acetyl P 
(6200 ¢.p.m. per umole), 28 units of PTA, and 0.4 ml. of pigeon liver extract (17 mg. 
of protein); total volume 1.0 ml. Incubation 120 minutes at 30°. The C. kluy- 
veri test solutions contained 25 wmoles of acetyl P, 104 wmoles of potassium sulfide 
(pH 7.0), 50 wmoles of potassium acetate, 100 wmoles of imidazole hydrochloride 
buffer (pH 7.0), 8 wmoles of C'*-sodium acetate (173,000 c.p.m. per wmole), 0.2 ml. 
of C. kluyveri extract (10 mg. of protein), and water to total volume of 1.0 ml. In- 
cubation 30 minutes at 30°. Samples A and B refer, respectively, to samples in- 
cubated with untreated extracts and with control extracts which were heated at 
100° for 5 minutes. 


Radioactivity recovered, com. per wmole 


Thioacetic acid,t smoles per ml. thioacetic aci 


cye Pigeon liver C. kiwyvert | Pigeon liver C. kluwyveri 
Sample A Sample B Sample A Sample B | Sample A Sample B Sample A Sample B 
Ist 34} 71 70} 67% 25 1 63 22 
2nd 1S 36 39 36 26 0 . 43 0 
. 8.8 18S 21 19 0 
2% | 0 4 | 


ith 4.5 9.4 11 9.5 


* See the text for description. 

t Thioacetic acid was measured by the hydroxamic acid method (3). 

t The cyclohexane extracts of these samples were diluted with an equal volume of 
cyclohexane prior to extraction with water. 


Evidence that thioacetic acid is the end-product of HS acetylation was 
obtained from experiments described in Table V, showing that the heat- 
stable compound formed by interaction between H.S and C-labeled acety] 
SCoA has the same distribution coefficient between cyclohexane and water 
as thioacetie acid. In the experiment with pigeon liver extract, C'-la- 
beled acetyl P (4), CoASH, and PTA were added to the reaction mixtures 
to generate C'-labeled acetyl! SCoA. In the experiment with extracts of 
C’. kluyveri, the C-labeled acetyl SCoA was synthesized in situ from un- 
labeled acetyl P and C™-acetate through the combined actions of PTA and 
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coenzyme A transphorase (6), both of which are present in the crude ex- 
tracts. 

Examination of aliquots of the test solutions after incubation showed 
that 2.9 and 4.7 uwmoles of heat-stable compound were formed in the sam- 
ples containing unheated extracts of pigeon liver and C. kluyveri, respee- 
tively, whereas the controls with heated enzyme contained no significant 
amount of heat-stable compound. The pH of the reaction mixtures was 
adjusted to 2.0 and 700 wmoles of thioacetic acid were added to the test 
solutions containing pigeon liver extract and 1400 ymoles to each of the 
solutions containing C. klwyrert extract. The mixtures were then ex- 
tracted once with cyclohexane saturated with water. The cyclohexane 
phase was subsequently extracted with successive equal volumes of water. 
The aqueous extracts were then neutralized with alkali and analyzed for 
thioacetic acid, and the amount of radioactivity in each sample was de- 
termined. The results which are summarized in Table V show that the 
ratio of C™ to thioacetic acid in the various extracts is constant, thus dem- 
onstrating that the C-labeled compound and thioacetic acid have the 
same distribution coefficient in the cyclohexane-water system. 


DISCUSSION 


The presence of several thioltransacetylases in extracts of C. kluyveri 
and pigeon liver acetone powder raises the question of their metabolic 
significance. Since the pigeon liver enzyme which we have designated as 
thioltransacetylase A catalyzes the acetylation of reduced lipoic acid, it is 
possible that this substance or a related derivative (viz., the a-lipoic acid 
conjugate of Reed and DeBusk (7)) may be the natural substrate for this 
enzyme. Gunsalus and his collaborators (personal communication) have 
recently purified a similar enzyme from extracts of Escherichia coli. Their 
enzyme catalyzes the transfer of the acetyl group from acetyl SCoA to 
reduced lipoie acid, but, in contrast with the pigeon liver thioltransacety1- 
ase A, it is much less active with 2-mercaptoethanol as a substrate. 

Thioltransacetylase B does not catalyze the acetylation of reduced lipoic 
acid; however, 2-mercaptoethylamine is readily acetylated by partially 
purified preparations of the enzyme. Since this substance has been found 
to occur naturally in biological materials, it may be a normal substrate for 
the enzyme. 

Nachmansohn ct al. (8) have previously detected the presence of an 
enzyme in extracts of pigeon liver acetone powder which, in the presence 
of CoASH and the appropriate acetylating enzymes, will catalyze the uti- 
lization of thioacetic acid for the acetylation of sulfanilamide, mereapto- 
ethanol, and choline. The reaction described in the present paper between 
H.S and acetyl SCoA to form thioacetic acid is probably the reverse of the 
reaction studied by the above workers. 
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SUMMARY 


Through the use of conventional protein fractionation procedures, three 
distinctly different thioltransacetylases have been detected in pigeon liver 
extracts; namely, thioltransacetylase A which catalyzes the transfer of the 
acetyl group of acetyl SCoA to reduced lipoic acid, 2-mercaptoethanol, 
and to a lesser extent to some other mercaptans, thioltransacetylase B 
which catalyzes the acetylation of 2-mereaptoethanol and 2-mercapto- 
ethylamine, and a H,S thioltransacetylase that catalyzes the acetylation 
of H.S with the formation of thioacetic acid. 

Similar thioltransacetylating enzymes are present in crude extracts of 
Clostridium kluyveri. 
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ELONGATION OF y-p-GLUTAMIC ACID PEPTIDE CHAINS 
BY A TRANSFER REACTION* 


By WILLIAM J. WILLIAMS? ann CURTIS B. THORNE 
(From Camp Detrick, Frederick, Maryland) 


(Received for publication, July 8, 1954) 


Recently it was reported that an exoenzyme preparation obtained from 
Bacillus subtilis catalyzes a transamidation reaction between L-glutamine 
and p-glutamic acid or with either optical isomer of glutamine alone to 
form y-glutamylglutamic acid (1). Further studies have shown that with 
y-p-Glu-p-Glu' as substrate these enzyme preparations catalyze a trans- 
peptidation which results in the formation of free glutamic acid and a 
glutamic acid peptide of greater chain length. In this report conditions 
are described under which the transpeptidation occurs, and data are pre- 
sented on the identification of the products and in support of a proposed 
mechanism of the reaction. 


Materials and Methods 


Preparation of Enzyme—The enzyme was prepared as previously de- 
scribed (1), except that the cultures were incubated for 7 days and a syn- 
thetic medium of the following composition was used: L-glutamic acid 12 
gm., citric acid 2 gm., glycerol 20 gm., NH,Cl 7 gm., KzHPO, 0.5 gm., 
MgSO, 0.5 gm., and FeCl;-6H,O 0.04 gm. in 1 liter of tap water at final pH 
7.3. Higher yields of the enzyme were obtained with this medium than 
were found with the yeast extract medium previously reported. In most of 
these experiments the enzyme preparation used was a dialyzed solution of 
the material precipitated from the cell-free culture filtrates by saturation 
with ammonium sulfate, although in some experiments the enzyme prepara- 
tion was the precipitate obtained by mixing a dialyzed solution of the 
ammonium sulfate precipitate with an equal volume of 0.1 m acetate buffer 
at pH 4.5 (1). No significant difference was noted between these two 
preparations. 

y-D-Glutamyl-p-glutamic acid and the other glutamic acid peptides were 


* A preliminary report of this work has been published (Williams, W. J., Litwin, 
J., and Thorne, C. B., Bact. Proc., 104 (1954)). 

t Lieutenant, Medieal Corps, United States Naval Reserve. Present address, 
Department of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania. 

' The following abbreviations are used: y-p-Glu-p-Glu = y-p-glutamyl-p-glutamic 
acid, and similar abbreviations are used for the other glutamic acid peptides, Tris = 
tris(hydroxymethyl)aminomethane, DNFB = dinitrofluorobenzene, DNP = dini- 
trophenyl, and d.p.m. per ymole = disintegrations per minute per micromole. 
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the same synthetic preparations reported previously (1). p-Glutamic acid- 
1-C'* was prepared from commercial pi-glutamic acid-1-C" by the action 
of t-glutamic acid decarboxylase from Escherichia coli. 

The methods for ion exchange chromatography on columns of Dowex 50 
resin, preparation of DNP derivatives, and determination of total N and 
free amino groups were those used previously (1). Amino N was measured 
by the Van Slyke nitrous acid method (2). Qualitative paper chromatog- 
raphy was performed as reported previously (1), except that cylinders of 
filter paper were used. The R,» values obtained with filter paper cylinders 
were slightly higher than those found with filter paper strips. The sol- 
vents were phenol-water (3:1), lutidine-water (3:2), butanol-acetic acid- 
water (2:1:1), and propanol-water (4:1) in an atmosphere of ammonia. 
The Ry values in the butanol-acetic acid-water solvent were somewhat 
variable and diminished with aging of the solvent. The R, values in this 
paper are those found with solvent less than 4 days old. 

Measurement of Activity—Incubations were performed in stoppered test- 
tubes at 36.5°. The substrates and conditions are given with each experi- 
ment. The reactions were stopped by placing the tubes in boiling water 
for 5 minutes when the reaction mixture was to be chromatographed on 
paper or resin, or by the addition of an equal volume of 10 per cent tri- 
chloroacetic acid when hydroxamic acid was to be determined. The 
amount of tripeptide and free glutamic acid formed was determined by 
quantitative paper chromatography as outlined below, and hydroxamice acid 
was determined by the method of Lipmann and Tuttle (3). Appropriate 
control vessels were included in all experiments, and the results presented 
are corrected for these controls. 

For quantitative paper chromatography (1, 4), satisfactory separation of 
dipeptide, tripeptide, and glutamic acid was obtained by streaking an ali- 
quot of the reaction mixture over a 3 cm. line on a filter paper strip and 
developing the chromatograms for 48 hours in phenol-water. Under these 
conditions tripeptide migrates with Rr 0.07, dipeptide with R, 0.11, and 
free glutamic acid with R, 0.22. Ninhydrin-positive spots with R» values 
corresponding to those of tripeptide and glutamic acid were cut out and 
subjected to the quantitative procedure. With a sample of tripeptide 
formed enzymatically from y-p-Glu-p-Glu and isolated as outlined below, 
it was found that the optical density after treatment with ninhydrin was 
proportional to the quantity of tripeptide present up to 0.24 wmole, and 
the recoveries ranged from 95 to 105 per cent. For the routine determina- 
tions glutamic acid was used as the standard. Tripeptide was calculated 
by use of the fact that 1 wmole of tripeptide gives the same color intensity 
at 540 mu as 0.84 umole of glutamic acid. The results presented are the 
averages of triplicate determinations on duplicate reaction mixtures, 
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Radioactivily Measurements—For determination of radioactivity, sam- 
ples of glutamic acid were converted to barium carbonate through oxida- 
tion with potassium persulfate (5), and the barium carbonate was plated 
on aluminum disks and counted in a windowless, flow type Geiger counter. 
DNP-glutamie acid was counted as the crude compound after evaporating 
an aliquot of an aqueous solution of this compound on an aluminum plate. 
All samples were counted for a sufficient time to give a standard error of 
less than 5 per cent. 


Results 


Identification of Products—Paper chromatograms from preliminary ex- 
periments showed that, on incubation of y-p-Glu-p-Glu with enzyme, two 
compounds were formed which migrated in phenol-water as glutamic acid 
(Ry, 0.24 to 0.25) and the glutamic acid tripeptide previously reported (R», 
0.08) (1). In order to obtain sufficient quantities of these two compounds 
for identification, 600 wmoles of y-p-Glu-p-Glu, 200 umoles of Tris buffer, 
and 2.4 mg. of protein in a total volume of 10 ml. at pH 8.9 were incubated 
for 2 hours. The reaction mixture was chromatographed on a column of 
Dowex 50 resin, and three separate peaks were eluted with peak effluent 
volumes of 250, 640, and 1860 ml. of 0.1 N HCl. These peaks correspond 
to a tripeptide of glutamic acid, y-Glu-Glu, and free glutamic acid, re- 
spectively (1). The effluent fractions containing the compound respon- 
sible for the peak at 250 ml. were combined and lyophilized to remove the 
solvent, and the fractions containing the compound responsible for the 
peak at 1860 ml. were combined and distilled to dryness in vacuo at 40°. 
Since the compound responsible for the peak at 640 ml. of solvent was the 
starting material, it was not studied further. On paper chromatography 
the compound eluted from the resin with 1860 ml. of solvent migrated as 
glutamic acid in phenol-water (R, 0.24 to 0.25), butanol-acetic acid-water 
(Ry 0.43 to 0.46), lutidine-water (PR, 0.19 to 0.21), and propanol-water 
(Ry, 0.06 to 0.07). Mixed samples of the unknown with L-glutamic acid 
migrated as a single spot with the R, values given. Thus the paper chro- 
matographic evidence is consistent with the identification of this compound 
as glutamic acid. 

The compound responsible for the peak at 250 ml. of solvent migrated 
in phenol-water with Ry, 0.08, butanol-acetic acid-water with Ry 0.37 to 
0.39, and lutidine-water with Ry, 0.07. The compound remained at the 
starting spot in propanol-water. Authentic y-p-Glu-p-Glu migrated in 
phenol-water with Ry» 0.11 to 0.12, in butanol-acetic acid-water with Rp 
0.42 to O4, in lutidine-water with R, 0.11 to 0.12, and in propanol-water 
with R» 0.02. Paper chromatograms of mixed samples of the unknown 
with y-p-Glu-p-Glu showed two spots with R»- values corresponding to the 
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individual compounds except in propanol-water in which the two spots were 
coalescent. Hydrolysis in 3 N HCl at 120° for 4 hours released a single 
ninhydrin-positive compound which migrated as glutamic acid in the four 
solvents used, and mixed samples of this compound with t-glutamic acid 
migrated as a single spot with the Rr of glutamic acid. Thus the paper 
chromatographic evidence is consistent with the identification of this com- 
pound as a tripeptide of glutamic acid (1). 


uM COMPOUND FORMED 
PER ML.REACTION MIXTURE 
b 
\ 


20 30 40 50 
MINUTES 

Fic. 1. The rate of release of glutamic acid from y-p-Glu-p-Glu (solid lines) and 
the rate of formation of glutamic acid and tripeptide from y-p-Glu-p-Glu (broken 
line). In the experiment on the release of glutamic acid from y-p-Glu-p-Glu, each 
vessel contained y-p-Glu-p-Glu 72 wmoles, Tris buffer 40 wmoles, and enzyme in a 
total volume of 1 ml. The final pH was 8.9, and the vessels were incubated for the 
times noted. Enzyme concentration, @ = 0.08, X = 0.16, A = 0.32, and OD = 0.64 
mg. of protein per ml. In the experiment on the formation of glutamic acid and 
tripeptide from y-p-Glu-p-Glu, each vessel contained y-p-Glu-p-Glu 78 uwmoles, Tris 
buffer 60 zmoles, and 0.64 mg. of protein in a total volume of 1.5 ml. The final pH 
was 9.1, and the vessels were incubated for the times noted. O, glutamic acid re- 


leased; A, tripeptide formed. 


iO 


A solution of the compound behaving chromatographically as a tri- 
peptide of glutamic acid contained 18.6 umoles of total N per ml. and, on 
hydrolysis, yielded 18.4 umoles of glutamic acid per ml. It contained 5.3 
umoles of free amino groups per ml. as determined by the DNFB procedure 
with y-L-Glu-t-Glu as the standard. Thus all the N present was glutamic 
acid N, and | ymole of free amino groups was present for every 3.5 umoles 
of glutamic acid. These data are consistent with a tripeptide structure 
for the compound. 

The compound yielded 89 per cent of its total N as Ne in 2.5 minutes 
at 28.5° in the Van Slyke nitrous acid method for amino N. Authentic 
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y-L-Glu-t-Glu and a biosynthetic y-Glu-Glu formed from L-glutamine and 
p-glutamic acid (1) yielded 94 to 100 per cent of their N under these condi- 
tions in the Van Slyke procedure, while authentic a-t-Glu-L-Glu yielded 
only 50 per cent of its N. Abnormal reactivity with HNO, has been re- 
ported for other y-glutamyl compounds (6-8). The reactivity with HNO, 
of the glutamic acid tripeptide isolated in this experiment suggests that it 
is y-linked. 

Effect of Enzyme Concentration—Fig. 1 illustrates the rate of release of 
glutamic acid from y-p-Glu-p-Glu at various enzyme concentrations. A 
linear rate was found with all but the highest enzyme concentration. Fig. 


16.0} 


° 


@ 
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uM GLUTAMIC ACID FORMED 
PER ML. REACTION MIXTURE 


O16 032 048 064 
MG.ENZYME PROTEIN PER ML. REACTION MIXTURE 

Fic. 2. The effect of enzyme concentration on the release of glutamic acid from 
y-p-Glu-p-Glu. The experimental conditions are as given in Fig. 1 for the rate of 
release of glutamic acid. O = 10, X = 20, A = 30, and OD = 45 minutes. 


2 shows that the reaction was proportional to enzyme concentration over 
an 8-fold range for incubation periods up to 30 minutes, but deviated from 
linearity during the 45 minute incubation period. 

Rate of Formation of Both Glutamic Acid and Tripeptide—Included on 
Fig. 1 are data from an experiment which demonstrate that glutamic acid 
and tripeptide were formed in equimolar quantities at equal rates under 
the conditions tested. 

Effect of Substrate Concentration—The effect of substrate concentration 
on the formation of glutamic acid and tripeptide from y-p-Glu-p-Glu is 
shown in Fig. 3. More glutamic acid than tripeptide was formed with the 
lower substrate concentrations, but with the higher concentrations these 
two compounds appeared in equimolar quantities. 
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Effect of pH—Fig. 4 presents the effect of pH on the appearance of free 
glutamic acid and tripeptide from y-p-Glu-p-Glu. The compounds ap- 
peared in essentially equimolar quantities over the pH range tested. Opti- 
mal activity was found at about pH 9.0. 


o 


uM COMPOUND FORMED 
PER ML.REACTION MIXTURE 


20F 


0 20 40 60 80 


wM Y-D-GLUTAMYL-D-GLUTAMIC ACID ADDED 70 680) 1000 
PER ML. REACTION MIXTURE pH 


3 ic. 4 


Fic. 3. The effect of substrate concentration on the formation of glutamic acid 
and the tripeptide from y-p-Glu-p-Glu. Each vessel contained y-p-Glu-p-Glu as 
noted, Tris buffer 20 wmoles, and 0.21 mg. of protein in a total volume of 0.5 ml. 
The final pH was 9.0, and the vessels were incubated for 30 minutes. O, glutamic 
acid; A, tripeptide. 

Fic. 4. The effect of pH on the formation of glutamic acid and tripeptide from 
y-p-Glu-p-Glu and on the formation of hydroxamic acid from hydroxylamine and 
y-p-Glu-p-Glu. O, activity as glutamic acid released; A, activity as tripeptide 
formed; and X, activity as hydroxamic acid formed. For the curve of activity in 
terms of glutamic acid and tripeptide formed, each vessel contained y-p-Glu-p-Glu 
39 umoles, Tris buffer 20 umoles, and 0.12 mg. of protein in a total volume of 0.5 ml. 
The vessels were incubated for 30 minutes. For the curve of activity in terms of 
hydroxamic acid formed, each vessel contained y-p-Glu-p-Glu 60 wmoles, hydroxy]- 
amine 400 wmoles, Tris buffer 40 wmoles, and 0.12 mg. of protein in 1.0 ml. total 
volume. The vessels were incubated for 30 minutes. 


ACTIVITY AS PER CENT OF MAXIMUM 


Substrates—An experiment was performed to compare the activity of 
y-p-Glu-p-Glu, a-p-Glu-p-Glu, and 20 
umoles of each of the peptides were incubated with 20 wmoles of Tris buffer 
and 0.12 mg. of protein in a volume of 0.55 ml. at pH 9.0 for 30 minutes. 
No significant reaction occurred with either a-dipeptide. y-p-Glu-p-Glu 
yielded 3.4 and 4.5 wmoles per ml. of tripeptide and free glutamic acid, 
respectively, while y-L-Glu-L-Glu yielded 3.4 and 4.1 wmoles per ml. of 
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tripeptide and free glutamic acid, respectively. Thus the activities of the 
two optical isomers were essentially equal. 

Experiments with Hydroxylamine—Incubation of y-p-Glu-p-Glu with hy- 
droxylamine and enzyme resulted in the formation of a hydroxamic acid 
as detected by the ferric chloride reaction. Fig. 4 includes the effect of 
pH on the reaction with hydroxylamine. Optimal activity occurred at 
about pH 9.0, as was found for the transfer reaction with y-p-Glu-p-Glu 
alone. It is assumed that y-glutamohydroxamic acid was the derivative 
formed. It was necessary to use high concentrations of hydroxylamine to 
obtain adequate quantities of hydroxamic acid. Incubation of hydroxyl- 
amine with y-p-Glu-p-Glu in the absence of enzyme resulted in the forma- 
tion of about 25 per cent as much hydroxamic acid as was formed from 
these two substrates in the presence of enzyme. The possibility exists 
that the formation of the hydroxamic acid may be a non-enzymatic reac- 
tion between hydroxylamine and an active intermediate (9). 


Experiments with Labeled Compounds 


Exchange Reaction between y-p-Glu-p-Glu and p-Glutamic Acid-1-C%—600 
umoles of p-glutamie acid-1-C" of specific activity 10,000 d.p.m. per umole, 
350 umoles of y-p-Glu-p-Glu, 300 umoles of Tris buffer, pH 8.8, and 3.7 mg. 
of protein in a volume of 5 ml. were incubated for 2 hours. A control 
vessel containing the same components, but without enzyme, was also 
incubated. After the incubation the reaction mixtures were chromato- 
graphed on columns of Dowex 50 resin. The y-p-Glu-p-Glu remaining 
after the incubation period was eluted from the columns with peak effluent 
volumes of 715 and 735 ml. for the vessels with and without enzyme, re- 
spectively. The fractions containing y-p-Glu-p-Glu were lyophilized to 
remove the solvent. Hydrolysis of the dipeptides from the two vessels in 
3. N HCl at 120° for 4 hours yielded only glutamic acid, as evidenced by 
paper chromatography. The glutamic acid of the y-p-Glu-p-Glu from the 
vessel without enzyme was devoid of radioactivity, while the glutamic acid 
of the dipeptide from the vessel containing enzyme had a specific activity 
of 196 d.p.m. per umole. As is indicated below, all the radioactivity in 
this dipeptide was present in the free y-carboxyl end-group, and thus the 
specific activity of this moiety was 392 d.p.m. per umole. Therefore ex- 
change of labeled glutamic acid with dipeptide occurred to the extent of 
about 4 per cent. 

The labeled dipeptide obtained above was diluted with unlabeled y-p- 
Glu-p-Glu in such quantity that the specific activity of the glutamic acid 
of the dipeptide would be 72 d.p.m. per umole. The distribution of radio- 
activity between the two glutamic acid moieties of the dipeptide was de- 
termined after degradation of the molecule by the DNFB procedure. The 
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DNP-peptide was prepared and then hydrolyzed in 3 n HCl at 120° for 
4 hours. The DNP-glutamic acid from the free amino end-group was 
extracted from the reaction mixture with ether, leaving the free glutamic 
acid from the free y-carboxyl end-group in the aqueous layer. No radio- 
activity was present in the DNP-glutamic acid as determined by a direct 
count on the crude compound. The specific activity of the free glutamic 
acid released on hydrolysis of the DNP-peptide was 140 d.p.m. per umole, 
which is the value expected from the specific activity of the total glutamic 
acid of the dipeptide. 

Formation of Tripeptide and Free Glutamic Acid from y-p-Glu-p-Glu*—218 
umoles of y-p-Glu-p-Glu* with a specific activity of 72 d.p.m. per umole 
were incubated with 200 umoles of Tris buffer and 0.6 mg. of protein at 
final pH 9.1 in a volume of 5 ml. for 1 hour. After the incubation the re- 
action mixture was chromatographed on a column of Dowex 50 resin. 
Tripeptide, residual dipeptide, and free glutamic acid were eluted from the 
column with peak effluent volumes of 295, 715, and 1840 ml. of 0.1 ~ HCl, 
respectively. The solvent was removed from the peptides by lyophiliza- 
tion and from the free glutamic acid by vacuum distillation at 40°. The 
three compounds migrated as expected on paper chromatography. The 
di- and tripeptides were hydrolyzed in 3 N HCl at 120° for 4 hours, and the 
radioactivity of the glutamic acid of the hydrolyzed peptides and of the free 
glutamic acid was determined. The specific activity of the glutamic acid 
of the dipeptide was 71 d.p.m. per ymole and thus was unchanged by the 
incubation. The specific activity of the free glutamic acid was 141 d.p.m. 
per umole, which is twice that of the glutamic acid of the dipeptide and 
equal to the specific activity of the free y-carboxyl end-group, demonstrat- 
ing that the free glutamic acid arose entirely from this glutamic acid 
moiety. The specific activity of the glutamic acid of the tripeptide was 
52 d.p.m. per umole, which is 0.73 times that of the glutamic acid of the 
dipeptide, indicating that only 1 glutamic acid residue of this peptide was 
labeled. 

Synthesis of Higher Peptides—200 umoles of y-p-Glu-p-Glu, 40 umoles of 
Tris buffer, and 0.6 mg. of protein in 1.0 ml. were incubated at pH 9.1 for 
4 hours. Paper chromatograms of the reaction mixture were developed in 
phenol-water by the descending technique for 6 days. During this time 
any glutamic acid formed migrated off the paper. The chromatograms 
revealed four ninhydrin-positive spots migrating with PR», values relative 
to authentic y-L-Glu-L-Glu (R- 0.10) of 0.10, 0.06, 0.04, and 0.03, with some 
additional material remaining very near the starting spot. The glutamic 
acid tripeptide reported here migrated with Ry 0.06 to 0.07 under these 
conditions. Larger aliquots of the reaction mixture were streaked on paper 
and chromatographed as above. The areas corresponding to these spots 
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were located with guide strips, and the compounds were eluted from the 
paper with water. Hydrolysis of these compounds in 3 N HCl at 120° 
for 4 hours yielded only glutamic acid as shown by paper chromatography 
in the four solvents used, demonstrating that these compounds are peptides 
of glutamic acid. The spots diminished in size with diminishing Rr, and 
the stepwise appearance of the compounds suggests a stepwise increase in 
chain length of the peptides. The compounds with Ry,» 0.04 and 0.03 
might then be tetra- and pentapeptides, and the compounds remaining 
near the starting spot might be even longer peptides. Further studies are 
under way on these additional compounds. 


DISCUSSION 


The results obtained in these experiments demonstrate that under the 
appropriate conditions this enzyme preparation catalyzes a transfer reac- 
tion without significant hydrolysis of the substrate, and hence there is 
lengthening of the peptide chain without loss of peptide bonds. The re- 
action proceeded almost entirely as a transpeptidation over the pH range 
studied. Fruton et al. (10) have reported virtually 100 per cent transami- 
dation for reactions of amino acid amides or a catalyzed by pro- 
teinases. 

The experiments with p-glutamic acid-1-C™ show that exchange can 
occur between the free y-carboxyl end-group of the dipeptide and free 
glutamic acid. That the exchange was slight may be explained by the 
activity of y-p-Glu-p-Glu itself as a replacement agent, since the added p- 
glutamic acid would be forced to compete with the dipeptide for the avail- 
able activated y-glutamyl radicals. That exchange occurred may be taken 
as evidence for an enzyme-substrate complex as an intermediate in the re- 
action. The reaction with hydroxylamine may also indicate the presence 
of an active intermediate (9). 

The data from the experiments with labeled compounds and the quanti- 
tative experiments are consistent with the accompanying reaction mecha- 
nism in which (enzyme-glutamic acid) represents an hypothetical complex 
between the enzyme and the free amino end-group of y-p-Glu-p-Glu. 


(1) y-p-Glu-p-Glu* + enzyme — (enzyme-glutamic acid) + p-glutamic acid* 
(2) (Enzyme- acid) + y-p-Glu-p-Glu* == y-p-Glu- + 


(3) 2 y-p-Glu-p-Glu* == y-p-Glu- >-Glu- D- Glu* D- acid* 


Equation 1 represents the formation of the proposed intermediary com- 
plex and accounts for the exchange reaction between y-p-Glu-p-Glu and 
p-glutamie acid-1-C™. Equation 2 is the reaction between the hypotheti- 
cal intermediary complex and y-p-Glu-p-Glu. By this equation under 
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conditions in which hydrolysis or hydroxamic acid formation occurred, 
water or hydroxylamine would be the replacement agent and the products 
would be glutamic acid or glutamohydroxamic acid and enzyme. Equa- 
tion 3 is the over-all reaction. Here free glutamic acid and the tripeptide 
appear in equimolar quantities, and the free glutamic acid is shown as the 
labeled compound, while the tripeptide contains 1 labeled glutamic acid 
residue. From this equation the specific activity of the free glutamic acid 
should be twice that of the glutamic acid of the dipeptide, and the specific 
activity of the glutamic acid of the tripeptide should be two-thirds that 
of the glutamic acid of the dipeptide. These are the ratios found experi- 
mentally. Thus the reaction is seen to be a transpeptidation in which the 
free amino end-group of 1 mole of y-p-Glu-p-Glu is transferred to a 2nd 
mole of y-p-Glu-p-Glu to form y-p-Glu-p-Glu-p-Glu, and the free y-carboxy] 
end-group is released as free glutamic acid. The mechanism proposed for 
this reaction is similar to that proposed by Durell and Fruton (11) for pro- 
teinase-catalyzed transamidation reactions. 

The appearance of glutamic acid peptides believed to be of greater chain 
length than the tripeptide in reaction mixtures which contained y-p-Glu-p- 
Glu and enzyme indicates that glutamic acid peptides of greater chain 
length than the dipeptide can act as replacement agents in this reaction. 
The possibility that the reaction can proceed until peptides of much greater 
chain length are formed is being studied. 


The authors are indebted to Mr. Jack Litwin and Carmen G. Gomez 
for valuable assistance, and to Dr. Riley D. Housewright for his interest 
and encouragement during the course of this work. 


SUMMARY 


1. An exoenzyme from Bacillus subtilis catalyzes a transpeptidation re- 
action in which free glutamic acid and a compound believed to be a tri- 
peptide of glutamic acid are formed from y-p-Glu-p-Glu. 

2. With appropriate substrate concentrations the transfer reaction pro- 
ceeds without demonstrable concomitant hydrolysis, and free glutamic 
acid and the tripeptide appear in equimolar quantities at equal rates. 

3. Optimal activity was found at about pH 9.0 for the formation of 
glutamic acid and tripeptide from y-p-Glu-p-Glu and for the formation of 
a hydroxamie acid from hydroxylamine and y-p-Glu-p-Glu. 

4. Both y-p-Glu-p-Glu and y-L-Glu-L-Glu were active as substrates for 
the enzyme, but neither a-p-Glu-p-Glu nor a-L-Glu-L-Glu was significantly 
active. 

5. The enzyme catalyzes a reaction in which the free y-carboxyl end- 
group of the y-p-Glu-p-Glu exchanges with p-glutamic acid-1-C™ in the 
medium, 
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6. Tracer studies with y-p-Glu-p-Glu* showed that the free glutamic 


acid arises from the free y-carboxyl end-group and that the labeled tri- 
peptide formed contains only 1 labeled glutamic acid residue. 


7. The mechanism of the reaction is discussed. 
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HEMATIN COMPOUNDS IN PHOTOSYNTHETIC BACTERIA* 


By LEO P. VERNON ann MARTIN D. KAMEN 


(From the Mallinckrodt Institute of Radiology, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, April 29, 1954) 


Speculations about the distribution and functions of hematin compounds! 
in bacteria have been based on spectroscopic observations with intact cells. 
No isolation and purification of a heme protein from a bacterial source had 
been described until 1953 when it was reported that extracts prepared from 
cell suspensions of the facultative photoheterotroph, Rhodospirillum rub- 
rum, contained unusually large amounts of a soluble heme protein which 
could be isolated and purified readily in good yield (2). It was also shown 
that the spectroscopic properties of this compound were identical with 
those ascribed to pure yeast or mammalian cytochrome c (2). However, 
further examination of the physical and enzymic properties of the bacterial 
compound revealed it to be a new soluble cytochrome (3). 

These observations recalled others made earlier on a modified cyto- 
chrome (‘‘cytochrome f’’) in another photosynthetic system, leaf tissues of 
higher plants (4), and emphasized the possibility that there might be hydro- 
gen transport systems unique to photochemical metabolism (4). Hence, 
we have begun further researches into (a) more precise characterization of 
the bacterial cytochrome as well as the enzymes associated with it, such as 
oxidase, photooxidase, and reductase, (b) nature and distribution of hema- 
tin compounds in a variety of bacteria, selected to include representative 
strains of photosynthetic bacteria ranging from obligate anaerobic photo- 
autotrophs to facultative photoheterotrophs, and (c) comparative studies 
of hematin compounds as they occur in non-photosynthetic bacteria, the 
metabolic patterns of which overlap those of the photosynthetic bacteria. 
In this paper we report results obtained on the properties of cytochromes 
and other hematin compounds which can be identified and isolated from 
four typical strains of photosynthetic bacteria and from two strains of non- 
photosynthetic nitrogen-fixing bacteria. 


* This paper is the nineteenth in a series of publications from this laboratory on 
the metabolism of photosynthetic bacteria. This investigation was supported by 
the Charles F. Kettering Foundation and, in part, by a research grant (F-292C) 
from the National Microbiological Institute, National Institutes of Health, United 
States Public Health Service. 

' The term “hematin compounds” is used in the sense expressed by Lemberg and 
Legge ((1) p. 163). 
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Methods 


Bacterial Cultures—R. rubrum (strain § 1, van Niel), a facultative pho- 
toheterotroph, was the strain used in previous researches. Procedures for 
its culture and harvest have been described (5). By using 4 liter bottles, 
filled nearly to the neck with “‘malate-glutamate”’ medium (5), 100 gm. wet 
weight quantities of the cells were easily obtained in 2 to 3 days. 

Rhodopseudomonas spheroides, a facultative photoheterotroph,? was han- 
died in the same manner as F?. rubrum and the same yields were obtained. 

Chlorobium limicola, an obligate anaerobic photoautotroph,? was cultured 
and manipulated as described elsewhere (6). This strain proved difficult 
to raise in mass culture. A total of 3 gm. wet weight was used in deter- 
mining hematin content. 

Chromatium (strain D),? an obligate anaerobic photoautotroph, which 
can be grown either on inorganic or organic media, was cultured in inor- 
ganic sulfide media described previously (7) by using 2 liter glass-stoppered 
bottles. Yields of 20 to 25 gm. wet weight were obtained with ease. The 
amount used for isolation of hematin compounds was 11 gm. wet weight. 

Clostridium pasteurianum (strain W 5),? an obligate anaerobic nitrogen- 
fixer, was available as a dry powder in a quantity of 1 gm. 

Azotobacter vinelandii (strain ©),? an aerobic nitrogen-fixer, was available 
as a dry powder in a quantity of 10 gm. 

Preparation of Cell-Free Extracts—Suspensions of washed cells were us- 
ually dispersed in phosphate buffer (0.07 m, pH 7) in concentrations de- 
pending on the bacterium used. For PR. rubrum and R. spheroides, concen- 
trations were in the range 50 to 100 mg. wet weight per ml. The other 
bacteria required more dilute suspensions (25 to 50 mg. wet weight per ml.). 
Sonic oscillation was employed to disrupt the cells. R. rubrum and R. 
spheroides were completely broken by treatment for 10 to 15 minutes at 
0-5°, in a 9 ke. Raytheon magnetostriction oscillator. The other bacteria 
were efficiently homogenized only by much longer exposures (25 to 30 min- 
utes) with a 10 ke. Raytheon magnetostriction oscillator.’ 

The sonic extracts were employed for assay of oxidase, photooxidase, and 
reductase, as described previously (8). They also served as the starting 
material for isolation of labile hematin compounds. In general, the iso- 
lation procedures involved (1) differential centrifugation, by using first an 


2 We are indebted to the following for starting cultures: Professor C. B. van Niel, 
Stanford University, Professor H. Gaffron, University of Chicago, and Professor 
P. W. Wilson, University of Wisconsin. Various facilities were made available to 
us by Professor A. Kornberg, Professor 8. Velick, and Professor B. Commoner, Wash- 
ington University. Technical assistance in the electrophoretic measurements was 
graciously supplied by Miss C. Lowry and Mr. M. Yamada, Washington University. 
We also wish to acknowledge many helpful discussions in correspondence with Pro- 
fessor S. Elsden, Sheffield University. 
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International refrigerated centrifuge with a high speed head and then a 
Spinco preparative ultracentrifuge,? and (2) differential precipitation at 
various pH reactions with ammonium sulfate. Detailed procedures are 
given below (see ‘‘Results’’). 

The isolation of stable hematin compounds was usually begun by warm 
(50°) trichloroacetic acid (TCA) extraction of either the intact cell suspen- 
sions or the sonic extracts. Alternative procedures, involving less drastic 
treatment as described above, were also employed. 

Spectroscopic Measurements—Spectra were determined with a Beckman 
DU spectrophotometer. Preparations were usually examined before treat- 
ment with reducing or oxidizing reagents. Then, the spectra of the re- 
duced forms, after addition of a suitable reducing agent (sodium hydrosul- 
fite, hydrogen-palladium, ete.), were determined. The spectra of oxidized 
forms were ascertained with samples obtained either by treatment with 
potassium ferricyanide, or, when feasible, by oxidation in air. In some 
cases, the presence of hematin compounds was detected by measurements 
of difference spectra, involving comparison of reduced and oxidized sam- 
ples. 

Electrophoretic Measurements—Determinations of electrophoretic mobil- 
ity were made with the usual Tiselius apparatus.* For paper electrophore- 
sis an apparatus from the Microchemical Specialties Company, Berkeley, 
California, was used. 

Potential Measurements—Ferro-ferricyanide oxidation-reduction buffers 
were used as described by Davenport and Hill (4). 

Reagents—DPNH (reduced diphosphopyridine nucleotide) and cyto- 
chrome c (mammalian) were obtained from the Sigma Chemical Company, 
St. Louis, Missouri. DPNH-cytochrome c reductase was prepared from 
pig heart according to the method of Mahler et al. (9). The initial lyophi- 
lized powder was used. All other reagents were supplied from commercial 
sources and were used as obtained, except for the potassium ferricyanide 
which was recrystallized from water. 

Terminoloqgy—The suggestions of Scarisbrick (10) were adopted; that is, 
the hematin compound was named according to the source material and 
location of the a-band of the reduced form, except when previous usage 
dictated otherwise. | 


Results 


R. rubrum Cytochrome c—The original warm TCA extraction procedure 
(2) was utilized for removal of cytochrome c from R. rubrum. The only 
modifications were that 100 gm. wet weight of cells were suspended in 500 
ml. of water and, after acid treatment and neutralization to pH 7.3, the 
precipitate was removed by centrifugation before adding ammonium sul- 
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fate. The supernatant fluid was fractionated between 0 and 200 gm. and 
200 and 400 gm. of ammonium sulfate per liter. The cytochrome was then 
precipitated by adding 10 per cent by volume of 0.5 m TCA at 0°. The 
yield of this crude cytochrome c was usually of the order 15 to 20 mg. per 
100 gm. wet weight of bacteria. 

The lower ammonium sulfate fraction, although pink, did not contain 
any hematin compounds. The higher ammonium sulfate fraction con- 
tained a brownish pink component, the spectrum of which resembled that 
of muscle hemoglobin. Purification of this component is discussed in a 
later section. The crude cytochrome fraction (acid ammonium sulfate pre- 
cipitate) could be brought to a high degree of purity by a combination of 
ammonium sulfate precipitation, gel adsorption, and electrophoresis, as 
follows: 

Step 1—All steps were carried out at 0°. The acid ammonium sulfate 
precipitate from 100 gm. wet weight of bacteria was dissolved in 50 ml. of 
0.05 m phosphate buffer, pH 7.4. 20 gm. of ammonium sulfate were added 
slowly with stirring and the precipitate was removed by centrifugation. 
5 ml. of 0.56 m TCA were added and, after 10 minutes, the precipitate was 
collected by centrifugation and dissolved in 20 ml. of 0.025 m phosphate 
buffer, pH 7.4. 

Step 2—To the 20 ml. of solution from Step 1, 10 gm. of ammonium sul- 
fate were added slowly with stirring. The precipitate was removed by 
centrifugation and the cytochrome was precipitated by adding 2 ml. of 0.5 
m TCA. The precipitate was dissolved in 20 ml. of 0.025 m phosphate 
buffer, pH 7.4. 

Step 3—8 to 10 ml. of calcium phosphate gel solution containing 16 mg. 
of calcium phosphate per ml. were added with stirring. It was found best 
to add the gel a portion at a time and follow the ratio of optical density at 
270 mu to that at 550 my until the value of this ratio in the gel supernatant 
fluid approached 1.3. Addition of gel beyond this point caused excessive 
loss of cytochrome. 

Step 4—The supernatant fluid from the gel adsorption was further puri- 
fied by electrophoresis at pH 7, the cytochrome migrating toward the cath- 
ode and the main contaminants toward the anode. 

Table I shows the ratios for absorption at critical wave-lengths observed 
following each step in the purification. There was considerable nucleic 
acid in the starting material, and not until the gel adsorption step did the 
Dow exceed the Deg. Fractions obtained from Step 4 approached closely 
the spectrographic purity of eytochrome as described by Theorell (11). 
There were two electrophoretic components in the gel supernatant fluid. 
One of these, a colorless contaminant, moved away from the cytochrome, 
vielding a preparation of purity comparable with, if not better than, that 
of the best preparations of mammalian or yeast cytochrome ¢ available. 
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Although warm TCA extraction of R. rubrum yielded an initial cyto- 
chrome preparation about 10 per cent pure, cytochrome could be extracted 
effectively by other means. Extraction with water or phosphate buffer of 
an acetone powder yielded the cytochrome along with other proteins. The 
cytochrome obtained in this manner was in no way different from that ob- 
tained by warm TCA extraction, but contained more impurities. A crude 
preparation was also readily obtained by disrupting the cells sonically and 
centrifuging the cell débris and heavy particles in a Spinco apparatus at 
100,000 * g for 2 hours. The supernatant fluid was a light pink in color, 
and, although it still contained some of the photoactive pigments of the 


TaB_e I 
Spectroscopic Ratios of R. rubrum Cytochrome c during Purification 
The purification procedure is described in the text. 


Acid ammonium sulfate ppt.......... 11.7 6.3 1.59 100 

2.82 5.14 1.63 53 

1.20 5.20 1.65 16 
1.05 5.1 1.66 

ali 3.8 7.0 1.7 


*Theorell (11). 
t Davenport and Hill (4). For cytochrome f, the values are calculated at 555 
and 525 my. 


cell, the characteristic difference spectrum of cytochrome ¢ could be ob- 
served readily in the oxidized and reduced preparations. 

Fig. 1 shows the complete spectrum of the pure reduced R. rubrum cyto- 
chrome c, as compared to authentic mammalian cytochrome c. Agree- 
ment was found in the location of all the absorption maxima. The optical 
density of the bacterial cytochrome at 415 my was adjusted to correspond 
to the value given for eytochrome ¢ by Theorell (11). Fig. 2, showing the 
corresponding spectra of the two cytochromes in the oxidized form, again 
revealed their similarity. 

The inference that the porphyrins of the two cytochromes were identical, 
as indicated by the spectroscopic data, was borne out by an examination of 
the hemochromogens which could be obtained by alkaline treatment in the 
presence of cyanide or pyridine. The pyridine hemochromogens were pre- 
pared by addition of 0.9 ml. of pyridine and 0.1 ml. of 6 N NaOH to 1.5 
ml. of cytochrome solution. Addition of hydrosulfite changed the color of 
the reaction mixture from pale yellow to pink. The resulting compound 
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was readily autoxidizable, indicating formation of the hemochromogen. 
Cyanide hemochromogens were prepared by treating 1.0 ml. of cytochrome 
solution with 0.05 ml. of 6 N NaOH and adding about 5 mg. of solid KCN. 
Reduction was again effected by adding a few crystals of hydrosulfite. 
The absorption maxima of the hemochromogens are given in Table II. 
These data indicated that the porphyrin of the bacterial cytochrome was 
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Fic. 1. Absorption spectra of ferrocytochromes. Solid line, R. rubrum ferro- 
cytochrome c reduced with hydrogen and palladium; broken line, ferrocytochrome 
c, from Theorell (11). 


identical with that of the mammalian cytochrome. The protein moieties, 
however, were found to differ in practically every other important prop- 
erty. Thus, the bacterial cytochrome was not oxidized in the presence of 
a cytochrome oxidase preparation from pig heart which effected a practi- 
cally instantaneous oxidation of mammalian cytochrome c. The enzymic 
behavior of the bacterial cytochrome will be discussed at more length in 
the following paper. 

The two cytochromes could be distinguished by using the cation ex- 
change resin, Amberlite IRC-50. When this resin was prepared in the 
ammonium form (12), it absorbed mammalian cytochrome c, but not the 
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bacterial cytochrome. A mixture of the two could be resolved with ease 
with this resin. Separation could also be effected by exploiting the differ- 
ence found in electrophoretic properties. Thus, by using 0.1 M ammonium 
acetate, pH 7, for 17 hours at 0-5° (240 volts and 10 to 15 ma.), cytochrome 
ec moved on Whatman No. | paper a distance of 10 em., while the bacterial 
cytochrome moved only 0.5 em. The electrophoretic mobilities of highly 
purified mammalian and R. rubrum cytochrome c, as determined in the 


30 


25- \ 
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250 300 350 400 450 500 &# 550 600 
WAVE LENGTH (ms) 
Fig. 2. Absorption spectra of ferricytochromes. Concentrations as in Fig. 1. 


Solid line, R. rubrum ferricytochrome ¢ prepared by aeration at pH 2; broken line, 
ferricytochrome c, prepared by Theorell (11). 


Tiselius apparatus with 0.1 mM ammonium acetate, pH 7, at 2°, were 8.2 
and 3.1 10~-° per volt-second, respectively. 

The molecular weight of the bacterial cytochrome has not been deter- 
mined, but preliminary experiments with the ultracentrifuge show it to be 
a relatively small protein with a molecular weight close to that of mamma- 
lian cytochrome c. 

The oxidation potential of the bacterial cytochrome ¢c was determined by 
comparison with the oxidation-reduction buffer system, ferro-ferricyanide, 
as described by Davenport and Hill (4), except that it was found unneces- 
sary to perform the experiments anaerobically. The ratio of the reduced 
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and oxidized form of the iron salt was fixed and the proportion of the cyto- 
chrome in the reduced state was determined by noting the change in opti- 
cal density at 550 mp. The total cytochrome added was known and the 
total optical density change for complete reduction could be ascertained 
by addition of hydrosulfite. Thus, the amount oxidized could be readily 
calculated. The £’, could be deduced from the equation 


K,Fe(CN), ferricytochrome 
K;Fe(CN),  ferrocytochrome 


E’> = 0.43 — 0.059 log 


where the value 0.43 is the ’’> for the ferro-ferricyanide system. The vari- 
ation in the ratio of the oxidized and reduced cytochrome, as the ratio of 
oxidized and reduced forms of the iron salt was changed, was observed. A 


II 
Hemochromogens of R. rubrum Cytochrome c 


Absorption maxima, mp 


Compound 
a-Band 8-Band y7-Band 

Mammalian cytochrome c | 
” pyridine hemochromogen........... 550 520 414 
cyanide 554 525 420 

R. rubrum cytochrome c | 
_ pyridine hemochromogen........... 550 520 414 


plot of the logarithm of one ratio against the logarithm of the other resulted 
in a straight line with a slope of 45°. Thus, it was apparent that a 1 elec- 
tron change was involved in the oxidation of the cytochrome, just as with 
the mammalian form. 

Fig. 3 shows the variation of the potential with pH. It is seen that the 
potential of the bacterial cytochrome decreased linearly as the pH increased 
from 5 to 8, whereas over the same region the mammalian cytochrome c 
maintained a constant value of about 0.25e.v. The cytochrome was found 
to have a higher oxidation potential than mammalian cytochrome c for all 
pH values, particularly those best tolerated by the bacteria themselves. 
The slope of the line relating the potential to pH in Fig. 3 was —0.03, 
rather than the value of —0.06, exhibited by mammalian cytochrome c 
when measured as a function of pH at values higher than 8. It appeared 
that there were two ionizable groups in the bacterial cytochrome in the 
range from pH 5 to 8. In Fig. 3 it is also seen that the potential was de- 
creased by increasing the ionic strength. 
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An analysis of a purified sample of the bacterial cytochrome for iron was 
kindly performed by Dr. Henry Mahler at the Institute for Enzyme Re- 
search, University of Wisconsin. The iron content was found to be 0.37 
per cent, which was in essential agreement with that noted for pure mam- 
malian cytochrome c. 

From the properties of the bacterial cytochrome noted above, it is evi- 
dent that, according to the Scarisbrick proposals, the compound should be 
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Fic. 3. Effect of pH upon oxidation-reduction potential (E’9) of R. rubrum cyto- 
chrome ¢. Curve A, R. rubrum cytochrome c, 0.03 m buffer; Curve B, different R. 
rubrum eytochrome ¢ preparation, 003 m buffer; Curve C, R. rubrum eytochrome c 
preparation used for Curve B, 0.5 m buffer; Curve D, mammalian cytochrome c, 
0.03 m buffer. Acetate buffer was used at pH 5, phosphate buffer from pH 6 to 8, 
Diol (2-amino-2-methyl-1,3-propanediol) buffer at pH 8.5 and Tris (tris(hydroxy- 
methyl)aminomethane) buffer at pH 9.5. 


called R. rubrum cytochrome 550. Long usage has reserved the “c’’ label 
for cytochromes which on reduction exhibit a characteristic absorption 
maximum at 550 mu. Hence, we propose to name this compound tenta- 
tively R. rubrum cytochrome c. 

R. rubrum Pseudohemoglobin 550—The fraction obtained by precipita- 
tion with 200 to 400 gm. ammonium sulfate per liter contained a colored 
component which appeared brownish pink when concentrated and turned 
reddish upon reduction with hydrosulfite. When the reduced solution was 
diluted with buffer, the color changed to yellow, a shift characteristic of the 
qualitative behavior of muscle hemoglobin. The spectrum of this fraction 
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upon reduction showed a weak a-band with an absorption maximum like 
that of cytochrome c, but the Soret band was shifted to ~420 mu. It 
was possible to achieve considerable purification of this compound by the 
following procedure. 

Step 1—All steps were done at 0°. The higher ammonium sulfate frac- 
tion (200 to 400 gm. of ammonium sulfate per liter) from the neutralized 
TCA extract of 100 gm. wet weight of bacteria was dissolved in 0.025 m 
phosphate buffer, pH 7.4, and fractionated again with 200 to 400 gm. of 
ammonium sulfate per liter. The precipitate was separated by centrifuga- 
tion and dissolved in 50 ml. of 0.025 m phosphate buffer, pH 7.4. 

Step 2—To the solution from Step 1, 20 gm. of ammonium sulfate were 
added slowly with stirring. The precipitate was removed by centrifuga- 
tion, and 5 gm. of ammonium sulfate were added to the supernatant fluid. 


TABLE IIT 
Spectroscopic Ratios of R. rubrum Pseudohemoglobin during Purification 
The purification procedure is described in the text. 


Purification stage | Per cent recovery 
Step 1 | 11.6 5.2 100 
ae 7.8 6.5 81 
2.6 5.0 54 
2.3 8.4 48 


The resultant precipitate was separated by centrifugation and dissolved in 
20 ml. of 0.025 m phosphate buffer, pH 7.4. 

Step 3—To the solution from Step 2, 5 ml. of alumina Cy gel (18 mg. per 
ml.) were added slowly with stirring. The order of adsorption was as 
follows: colorless impurities, R. rubrum hematin compound, and, last, RP. 
rubrum cytochrome c. The purification was monitored by examining the 
supernatant fluid spectroscopically. Treatment was discontinued when 
appreciable quantities of the hematin compound appeared on the gel. 

Step 4—The supernatant fluid was diluted to 25 ml., 12.5 gm. of ammon- 
ium sulfate were added, and the precipitate was centrifuged and dissolved 
in 10 ml. of 0.025 m phosphate buffer, pH 7.4. The R. rubrum cytochrome 
c remained in the solution after the addition of ammonium sulfate in this 
step, whereas the hematin compound was recovered in the precipitate. 

Table III shows the ratios of the optical density at various critical ab- 
sorption maxima after each purification step. In the purest fraction, the 
ratio of the optical density of the Soret band to the band at 550 my was 8.4, 
whereas the value for pure R. rubrum cytochrome c was 5.2. Any con- 
tamination with FP. rubrum cytochrome c could be detected by the presence 
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of the 8-band of R. rubrum cytochrome c at 520 my (reduced form), which 
was not present in the spectrum of the reduced hematin compound. 
Electrophoresis of a sample after purification through Step 4 showed two 
components in about equal amounts. All of the color was present in one 
component, which, in 0.1 mM ammonium acetate buffer, pH 7, moved to- 
ward the anode with a mobility of 1.57 * 10-5 cm.? per volt-second. Ap- 


7- 


3- 


(16/1) 


‘300 
WAVE LENGTH (m4) 
Fic. 4. Absorption spectra of R. rubrum pseudohemoglobin. Solid line, oxidized 
form; broken line, after reduction with hydrosulfite. Same concentration for both 
eurves. Ordinate, arbitrary units. 


parently, the purity of the hematin compound after Step 4 was approxi- 
mately 50 per cent, based on the electrophoretic pattern. 

Fig. 4 shows the spectra of the R. rubrum hematin compound after puri- 
fication by the above procedure and before electrophoretic treatment. The 
compound, as extracted from the bacteria, was rapidly oxidized in air so 
that the spectrum of the oxidized form could be determined on the purified 
sample without further treatment. The spectrum of the reduced form was 
obtained after reduction with hydrosulfite. 

The absorption maxima of the reduced form were found at 423 and 550 
my; the corresponding peaks for muscle hemoglobin are at 430 and 555 mu. 
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The absorption maxima of the oxidized form were seen at 393, 490 to 500, 
and 640 my; the peaks for muscle methemoglobin are 405 to 407, 500, and 
630 mu. Thus, it was apparent that the hematin compound was associ- 
ated with spectra similar to those of the hemoglobin-methemoglobin sys- 
tem, except for a general shift of 5 to 10 my toward the blue. 

The chemical and physical properties of the hematin compound also 
showed some similarities to those usually encountered with muscle hemo- 
globin. Thus, the hematin compound was easily autoxidized. In fact, it 
was found that less drastic means of extraction from the cells, such as cen- 
trifugation of chromatophores from sonic extracts at 100,000 X g or phos- 
phate extraction of acetone powder in the cold, also yielded the hematin 
compound in the oxidized form. The oxidation potential was determined 
indirectly by mixing 0.01 umole of the pigment (as determined from the 
pyridine hemochromogen derived from an aliquot of the preparation, see 
below) with 100 umoles of K,Fe(CN).. No reduction of the pigment could 
be detected anaerobically, indicating that the potential was most probably 
0.1 to 0.15 volt below that of cytochrome c, a range frequently encountered 
for potentials of the hemoglobin-methemoglobin system ((1) pp. 194 ff., 
276). 

However, the pyridine and cyanide hemochromogens prepared in the 
manner described previously were the same spectroscopically as those pre- 
pared from R. rubrum cytochrome c. The absorption maxima of the re- 
duced hemochromogens are shown in Table IV. 

The R. rubrum hematin compound showed a typical hemoglobin-carbon 
monoxide spectrum when reduced in the presence of CO, but the charac- 
teristic absorption bands were somewhat less sharp than those of carbon 
monoxide-hemoglobin (see Table IV for absorption maxima). 

It should be recalled that R. rubrum cytochrome c, like mammalian cyto- 
chrome c, does not form a carbon monoxide compound. Thus, the prop- 
erties of the prosthetic group of this R. rubrum hematin appear to occupy 
an anomalous position with respect to those of the cytochrome and hemo- 
globin compounds. Attempts have been made to isolate the hematin com- 
pound as a reduced carbon monoxide compound, but with little success to 
date. In addition, it has not been possible to demonstrate a reversible 
binding of molecular oxygen in the reduced form. 

The possibility that the hematin compound is a peroxidase has been ex- 
plored. The various fractions in the purification procedure were tested 
for peroxidase activity concomitant with enhancement of the hemoglobin 
spectrum. Although some peroxidase activity was found, it did not paral- 
lel the concentration of the hematin compound. Also, the hemochromo- 
gens derived from the purified hematin are not those of a peroxidase. 

It was thought that the hematin compound might be an artifact arising 
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from decomposition of other cytochromes present, particularly the R. rub- 
rum cytochrome c. Some purified R. rubrum cytochrome c was subjected 
to warm TCA treatment under conditions identical with those used in the 
extraction of the cells. Although some destruction of the cytochrome oc- 
curred, no other hematin compound was formed. As shown in a later sec- 
tion, the only other cytochrome present in appreciable quantities was a 
cytochrome of the “b’’ type, which adhered to the large particles formed 
during sonic disruption. Similar tests with these particles revealed de- 
composition of protein without formation of the hematin compound. It 
was not possible to extract more of the hematin compound as such, either 
by warm TCA treatment or by any of the other methods described, once 
the initial extraction had been accomplished. Furthermore, gentle pro- 


Tasie IV 
Hemochromogens of R. rubrum Pseudohemoglobin 


Absorption maxima, my 


@Band | gBand y-Band 
Pyridine hemochromogen oxidized............. None 406 
Cyanide hemochromogen oxidized. ........... None None 404 
555 526 420 


* The reduced CO bands are not sharp, and the a-band appears only as a shoulder 
of the broad 8-band. 
cedures such as sonic disruption in the cold, followed by centrifugation, 
sufficed to extract a large fraction of the hematin compound. Thus, it 
appeared that the hematin compound existed in the cell in the form made 
available by extraction. 

It is evident that the hematin compound possesses properties which, in 
sum, are difficult to accommodate in any of the present schemes of nomen- 
clature. Tentatively, it seems best to call it R. rubrum pseudohemoglobin 
550. This name adheres to the Scarisbrick suggestion in indicating source 
and position of the a-band of the reduced form. The qualifying prefix 
“pseudo”’ indicates absence of some major chemical characteristics of hemo- 
globin, despite similar spectroscopic properties.’ 

R. rubrum Cytochrome 560-—-Acetone powders prepared from sonic ex- 
tracts were suspended in phosphate buffer. On reduction of an aliquot 
with hydrosulfite or DPNH and spectroscopic comparison with another 


* The use of this term is not intended to imply that the bacterial hematin is re- 
lated in any way to the ‘‘pseudohemoglobin”’ of Barkan and Schales (13). 
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aliquot which was untreated, a definite reproducible difference spectrum 
was obtained. 

Fig. 5 shows the same difference spectrum obtained with DPNH anaero- 
bically. The maxima occur at 560, 525, and 430 my. The first two peaks 
correspond to the a- and 8-bands found in the difference spectra of oxidized 
and reduced cytochromes of the “b’” type. The third peak corresponds to 
the Soret band of a cytochrome ‘‘b’”’ which in the form of the difference 


OPTICAL DENSITY 


400 450 500 550 600 #650 
WAVE LENGTH (m 


Fic. 5. Difference spectra of suspensions of an acetone powder prepared from 
R. rubrum particles sedimentable at 20,000 X g. Cuvettes attached to two Thun- 
berg tubes contained 3 ml. of suspension (4.2 mg. of protein per ml.) of acetone pow- 
der in 0.03 m phosphate buffer, pH 7.4, with 0.4 umole of DPNH in the side arm of 
the experimental tube. The optical density of the experimental tube was deter- 
mined against the control. A slit width of almost 2 mm. was necessary for deter- 
minations around 400 mu. The tubes were evacuated, then flushed with nitrogen; 
this treatment was repeated three times. Curve A, no additions for experimental 
tube; Curve B, tip in DPNH and wait 10 minutes before taking difference spectrum; 
Curve C, shake experimental tube from previous experiment (Curve B) in air. 


spectrum is usually displaced 5 to 10 my toward the red compared with 
the peak of the reduced form. 

Simple shaking of the reduced suspension in air caused the disappear- 
ance of the absorption peaks in the difference spectrum, indicating the 
ready autoxidizability of the hematin component, a property shared by the 
““b” eytochromes. 

This evidence for a cytochrome b component is in agreement with the 
finding by Elsden‘ that, in ammonium sulfate fractions obtained from ace- 
tone powder extracts of R. rubrum, there is a cytochrome with an a-band 


4 Elsden, 8. R., personal communication. 
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in the reduced form at 563 my. Hill® also has observed a cytochrome b 
spectrum in freshly prepared acetone powders. 

It is proposed that this hematin component be named RP. rubrum cyto- 
chrome 560. 

R. spheroides Cytochrome ¢ and R. spheroides Pseudohemoglobin 550— 
Treatment of PR. spheroides cells and extracts in a manner similar to that 
described for R. rubrum gave completely comparable results. Both a cy- 
tochrome ¢ and a pseudohemoglobin pigment were obtained in yields com- 
parable with those observed for R. rubrum. 

The purest fraction of the pseudohemoglobin obtained from R. spheroides 
showed a spectrum identical in all respects with that of R. rubrum pseudo- 
hemoglobin 550, except that in the oxidized form there was a band at 400 
mu instead of at 393 my. The reality of this shift was not established, 
however, and it may well have arisen from inclusion of contaminating ma- 
terial, as the R. spheroides pseudohemoglobin proved more difficult to 
purify than its analogue from R. rubrum. 

The R. spheroides cytochrome ¢ appeared to be identical in its spectro- 
scopic properties to R. rubrum cytochrome c. 

Chromatium Cytochrome 552 and Chromatium Pseudohemoglobin 552—By 
using 11 gm. wet weight of Chromatium, the presence of hematin com- 
pounds was definitely shown. In the usual warm TCA treatment of whole 
cells significant quantities of the hematin compounds were not extracted, 
but extraction of acetone powder with 0.1 m phosphate buffer at pH 7.4 
and also warm TCA treatment of sonically disrupted bacteria (30 minutes 
in a 10 ke. Raytheon oscillator) were found to yield preparations containing 
hematin compounds. 

By use of the ammonium sulfate fractionation and gel adsorption pro- 
cedures outlined for R. rubrum hematin compounds, it has been possible to 
separate two hematin compounds from Chromatium. One of these we shall 
tentatively call Chromatium cytochrome 552, after Scarisbrick, because its 
a-band is at 552 my and its identification as a cytochrome c is not assured. 
This compound shows peaks in the reduced form at 552, 525, and about 
418 my and is not autoxidizable. The other compound which we shall 
designate Chromatium pseudohemoglobin 552 is autoxidizable and has spec- 
tral properties resembling RP. rubrum pseudohemoglobin 550, with the ex- 
ception that the bands in the reduced form are shifted slightly toward the 
red. On reduction, bands are found at 552 and 425 my; on oxidation, 
bands are found at 630, 490, and 400 mu. 

The isolation of these compounds was accomplished by procedures de- 
vised for R. rubrum, thus indicating the similarity of the compounds in the 
two organisms. 


* Hill, R., cited by S. R. Elsden, personal communication. 
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C. limicola Cytochrome 553—The presence of a hematin compound in (. 
limicola has already been described (6). This compound, which we pro- 
pose to call C. limicola cytochrome 553, has bands at 553, 520, and 415 my 
in the reduced form. 

Experiments with C. pasteurianum—No hematin compounds could be de- 
tected in C. pasteurianum. All of the procedures found to extract hematin 
compounds from the photosynthetic bacteria yielded nothing but flavin 
when applied to this organism. 

A. vinelandii Cytochrome 552—A. vinelandii yielded considerable amounts 
of a cytochrome which has been described previously (14). After TCA ex- 
traction of an acetone powder failed to remove any cytochrome from the 
cells, the residue was extracted with 0.07 m phosphate, pH 7.4. This 
yielded a cytochrome which could be further purified by ammonium sul- 
fate fractionation. 

We have found that the spectrum of this cytochrome, which may be 
called A. vinelandii cytochrome 552, exhibited peaks at 552, 522, and 417 
my in the reduced form. No hemoglobin component could be detected. 
The A. vinelandii cytochrome 552 behaved differently from cytochrome c 
in that it was precipitated at 200 to 400 gm. of ammonium sulfate per liter. 
This cytochrome, as prepared by us, was not autoxidizable and was acid- 
stable. Its enzymic properties have been examined qualitatively and will 
be indicated in the following paper. 


DISCUSSION 


Although it is premature to speculate about the significance of the pres- 
ent findings in relation to bacterial photosynthesis, we can indicate briefly 
some avenues of investigation opened by the present researches. 

First, we may note that R. rubrum cytochrome c possesses properties 
which indicate that it has a réle in bacterial photosynthesis closely analo- 
gous to that suggested for cytochrome f in green plant photosynthesis (4). 
Cytochrome f, as isolated from leaves, possesses an oxidation potential of 
+0.365 at pH 6 to 7.7 (4). The bacterial cytochrome has a potential close 
to this high value in acid pH, particularly in the pH range in which R. rub- 
rum is most active metabolically. 

Thus, we may apply the cogent arguments of Davenport and Hill (4), 
implicating cytochrome f in the photochemical metabolism of leaf tissue, 
to R. rubrum cytochrome c as a participant in bacterial photometabolism. 
On this basis, it seems reasonable to suggest that R. rubrum cytochrome ¢ 
can intervene to mediate coupling of the bacterial photochemical system to 
electron transport. 

Duysens has observed recently (15) that the difference spectrum ob- 
tained with cell suspensions of a R. rubrum strain metabolizing in light and 
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dark is similar to that of oxidized and reduced forms of a cytochrome c 
compound. This observation, which will be discussed at greater length in 
the following paper, lends plausibility to the supposition that the bacterial 
cytochrome functions directly in the photochemical hydrogen transport. 

However, one might expect that if a ‘‘c’”’ cytochrome is required to medi- 
ate coupling of the photochemical system to electron transport in all photo- 
synthetic bacteria, then there should be types of cytochrome c in C. limi- 
cola and in Chromatium. Such cytochromes are found. However, it will 
be necessary to isolate these cytochromes in quantities sufficient to estab- 
lish their enzymic properties before assigning them a rdéle in photochemical 
hydrogen transport. 

The present methods of detection and isolation are adequate to demon- 
strate that in C. pasteurianum no cytochrome c¢ occurs in any significant 
amounts. The existence of a cytochrome c in the aerobic A. vinelandii is 
expected in view of the respiratory activity of this bacterium. 

The function of the ‘‘pseudohemoglobin” in the metabolism of the pho- 
tosynthetic bacteria is obscure. It occurs with certainty in Chromatium, 
as well as in both facultative photoheterotrophs tested. Its absence from 
the green bacterium, C. limicola, is not established, because insufficient 
quantities of the bacteria were available. It appears to be absent with 
certainty from both of the non-photosynthetic bacteria tested, despite their 
overlapping in metabolic function with the photosynthetic bacteria. It 
will be of interest to establish, by extension of the present researches to a 
more varied selection of bacteria, whether this hematin compound, with its 
curious properties, is common only to the photosynthetic bacteria. 

It is of interest to note that true hemoglobins have been found to occur 
not only in mammalian tissue, but also in fungi and Protozoa (16, 17). 
The only example of a true hemoglobin pigment in bacteria is the well 
known “leghemoglobin” found in root nodules of leguminous plants in 
symbiosis with Rhizobia (18). It has been reported that the addition of 
leghemoglobin to cultures of respiring Rhizobia stimulates oxygen uptake. 
Little and Burris demonstrated that this was best explained by assuming 
that hemoglobin mediates electron transport (19). 

The possibility that R. rubrum pseudohemoglobin may participate in 
electron transport in R. rubrum has been explored by attempting to reduce 
the hematin compound with DPNH in the presence of the DPNH-cyto- 
chrome c reductase. Optical absorption at 430 my was used to follow the 
reduction of R. rubrum pseudohemoglobin. It had been ascertained that 
the greatest change in optical density between reduced and oxidized forms 
of the pseudohemoglobin occurred at 430 my. This was to be expected (as 
noted earlier in the section on R. rubrum eytochrome 560), because the dif- 
ference spectrum in the Soret region is usually displaced 5 to 10 my toward 
the red compared to the absorption spectrum of the reduced form alone. 
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In Fig. 6, the results of such an experiment are shown. It is evident that 
the pseudohemoglobin is reduced by DPNH in the presence of the reduc- 
tase under strictly anaerobic conditions. It is also possible to demonstrate 
that the pseudohemoglobin, after reduction, can reduce cytochrome e di- 
rectly. This can be done by first reducing the pseudohemoglobin in a re- 
action mixture containing DPNH, pseudohemoglobin, and reductase, fol- 
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Fic. 6. Reduction of R. rubrum pseudohemoglobin with DPNH. Experiment 
carried out in a cuvette adapted to a Thunburg tube. In the cuvette were placed 
30 wmoles of phosphate buffer, pH 7.4, 0.8 umole of DPNH (reduced diphospho- 
pyridine nucleotide), 0.01 umole of R. rubrum pseudohemoglobin (calculated from 
pyridine hemochromogen), and water to make 2.7 ml. 1 mg. of a DPNH-cytochrome 
c reductase preparation (see ‘“‘Methods’’) was placed in the side arm. After alter- 
nate evacuation and flushing with nitrogen to insure anaerobicity, the reductase 
was tipped in from the side arm to start the reaction. 


lowed by addition of sufficient KH.PO, to make the solution | M in this 
salt. This concentration of salt completely inhibits the reductase. Upon 
tipping in cytochrome c, the reduction of the cytochrome is noted immedi- 
ately. From these experiments, it is conceivable that pseudohemoglobin 
may participate in electron transport in R. rubrum. 

The present studies indicate that all of the photosynthetic bacteria ex- 
amined contain a cytochrome c. This is true even though the metabolic 
pattern ranges from that of a strictly anaerobic autotroph (C. limicola) 
through strict anaerobes able to grow both as autotrophs and heterotrophs 


\ 
tl 
ti 
fe 
P 
p 
H 
cl 
of 
w 
Isc 
fa 
| ov 
| an 
of 
te 
mé 
| ph 
ph 
gu 
the 
tal 
pre 
are 
by 
diff 
ru 
chi 


L. P. VERNON AND M. D. KAMEN 661 


(Chromatium) to facultative heterotrophs of more or less aerobic nature (R. 
rubrum and R. spheroides). Assuming that the photometabolism of these 
bacteria involves formation of a photooxidative component, similar to the 
“OH” of the green plant photochemical process, it might be expected that 
the photosynthetic bacteria would be more akin metabolically to faculta- 
tive anaerobes, like the sulfate and nitrate reducers, rather than to strict 
fermentative anaerobes, like Clostridium. It may be noted that recently 
Postgate (20) has presented evidence for the presence, in significant 
amounts, of a cytochrome ¢ pigment in several strains of the obligate an- 
aerobic sulfate-reducer, Desulfovibrio desulfuricans. 

Finally, Egami et al. (21) have recently reported the isolation and partial 
purification of a soluble cytochrome from some “‘salt-resistant aerobes.”’ 
However, the significance of this observation with respect to our findings 
cannot be assessed because the bacteria have not been precisely identified. 

It is instructive that R. rubrum cytochrome c, the first bacterial cyto- 
chrome to be isolated in a state of high purity, is one which, on the basis 
of the older spectroscopic procedures, would have been considered identical 
with yeast or mammalian cytochrome c. The circumstances leading to the 
isolation and purification of R. rubrum cytochrome ¢ have been uniquely 
favorable in a number of ways. Thus, the bacteria (?. rubrum or R. spher- 
oides) are easy to raise in bulk in pure culture. They are easy to disrupt 
and are readily amenable to procedures worked out previously for isolation 
of cytochrome. Moreover, they have relatively enormous amounts of bac- 
terial cytochrome ¢ which also happens to be almost as stable as mam- 
malian cytochrome ce. 


SUMMARY 


1. We have studied the hematin content of four representative strains of 
photosynthetic bacteria, as well as two strains of nitrogen-fixers. All the 
photosynthetic bacteria examined contain a cytochrome ¢ component re- 
gardless of their ability to tolerate or utilize oxygen. This is also true of 
the aerobic nitrogen-fixer, but not of an anaerobic nitrogen-fixer, studied. 

2. The facultative photoheterotroph, Rhodospirillum rubrum (S 1), con- 
tains unusually large amounts of a new soluble cytochrome. This heme. 
protein (“R. rubrum cytochrome c’’) has spectroscopic properties which 
are closely similar to those for mammalian cytochrome c. Its porphyrin 
moiety is identical with that of mammalian cytochrome c, as evidenced 
by the spectra of its pyridine and eyanide hemochromogens. However, it 
differs in its electrophoretic, adsorption, and enzymic properties. PR. rub- 
rum cytochrome ¢ has an oxidizing potential higher than that of cyto- 
chrome ec. 

3. R. rubrum also exhibits considerable amounts of a hematin compound 
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(“pseudohemoglobin’”’) with some properties characteristic of a hemoglo- 
bin. Similar results are found with another facultative photoheterotroph, 
Rhodopseudomonas spherotdes. 

4. The obligate photoanaerobe, Chromatium (strain D), also exhibits a 
soluble cytochrome as well as a pseudohemoglobin. The cytochrome com- 
ponent is somewhat different in its spectroscopic properties from FP. rub- 
rum cytochrome c, but the pseudohemoglobin component appears to be 
closely similar to the R. rubrum pseudohemoglobin. The obligate photo- 
anaerobe, Chlorobium limicola, shows only a cytochrome component, the 
spectrum of which differs slightly from those of R. rubrum and Chromatium 
cytochrome c. 

5. Azotobacter vinelandii (strain W 5), a free aerobic nitrogen-fixer, con- 
tains considerable amounts of a cytochrome resembling, in spectroscopic 
behavior, the cytochromes found in the anaerobic photoautotrophs. No 
hemoglobin-like component appears to be present. Clostridium pasteur- 
ianum, a free anaerobic nitrogen-fixer, contains no detectable hematin com- 
pounds. 

6. These results are discussed as they apply to problems in the compara- 
tive biochemistry of photosynthetic organisms. 
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ENZYMATIC ACTIVITIES AFFECTING CYTOCHROMES IN 
PHOTOSYNTHETIC BACTERIA* 


By MARTIN D. KAMEN anv LEO P. VERNON 


(From the Mallinckrodt Institute of Radiology, Washington Universily 
School of Medicine, St. Louis, Missouri) 


(Received for publication, April 29, 1954) 


In the preceding paper (1) we have described some of the hematin 
compounds which occur in photosynthetic bacteria. We present in this 
communication an account of our researches on the enzymatic activities 
associated with these compounds. The enzymes investigated are the pho- 
tooxidases, the dark (thermal) oxidases, and DPNH-linked reductases 
(DPNH = reduced diphosphopyridine nucleotide). 


Methods 


The culture of the various bacteria studied is described in the preceding 
paper (1). In order to obtain test systems suitable for enzymatic studies, 
sonic extracts were prepared (1), which could be stored in the frozen state 
with no appreciable loss of activity. In the spectrophotometric studies, 
assay procedures similar to those reported earlier (2) were used. Unless 
stated otherwise, the test substance was the readily available mammalian 
cytochrome c obtained from the Sigma Chemical Company, St. Louis, 
Missouri. 

DPNH-cytochrome c reductase was determined by following, spectro- 
scopically, cytochrome c reduction in a reaction mixture containing 0.6 
umole of DPNH, 30 umoles of phosphate buffer, pH 7.4, 0.3 umole of NaCNn, 
0.2 umole of cytochrome c, and 0.05 ml. of the bacterial extract in 3.0 ml. 
of solution. 

Dark (thermal) cytochrome oxidase activity was determined by fol- 
lowing, spectroscopically, the oxidation of cytochrome c (reduced by stoi- 
chiometric amounts of ascorbic acid) in a reaction mixture containing 0.2 
umole of reduced cytochrome c, 30 umoles of phosphate buffer, pH 7.4, and 
0.05 ml. of bacterial extract in 3.0 ml. Corrections for non-enzymatic 
oxidation of reduced cytochrome c were made. Addition of AlCl; to the 
test system did not stimulate activity. 

Cytochrome photooxidase activity was determined by the assay system 


* This paper is the twentieth in a series of communications from this laboratory 
on the metabolism of photosynthetic bacteria. We wish to express our gratitude to 
the Charles F. Kettering Foundation for financial aid. A portion of this work was 
supported by a grant (f-292C) from the National Microbiological Institute, National 
Institutes of Health, United States Public Health Service. 
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for the oxidase, except that 0.3 umole of NaCN was added, and the optical] 
density change upon illumination with 1000 foot candles was determined 
against a control of similar composition kept in the dark. The time 
required to remove the experimental cuvette from the illuminated water 
bath and make a reading in the spectrophotometer was about 10 seconds. 
Changes taking place in this time (reduction of the cytochrome ¢ by endo- 
genous material) were found to be negligible when compared to those owing 
to photooxidation. Thus, time curves for the photooxidation could be 
made on the same sample. After illumination, if the sample was allowed 
to remain in the dark for several minutes, appreciable reduction of the ey- 
tochrome c occurred, because NaCN was present to inhibit the dark oxi- 
dase. 

Protein was determined by the biuret method (3) with the modification 
of treating the bacterial extracts with boiling 80 per cent acetone, which 
was 0.2 N in trichloroacetic acid (TCA), to remove the interfering bacterial 
pigment. The precipitated protein was resuspended in water and treated 
with the biuret reagent for 4 hours before readings were made. 

The photoactive pigment in Rhodospirillum rubrum (chlorophyll and caro- 
tenoid) was assayed spectrophotometrically by determining the optical 
density at 800 my. At this wave-length practically all of the absorption 
could be attributed to the characteristic bacteriochlorophyll of this species. 
The optical measurements provided a quick and simple means of comparing 
chlorophyll content at various fractionation stages in the preparation of 
dark oxidase and photooxidase. 


Results 


In this section results of experiments on the three enzymatic activities 
will be presented as they occur in each species. A true measure of these 
activities from any given bacterium probably requires use of the particular 
cytochrome associated with these enzymes. However, this is difficult at 
present, except for R. rubrum and Rhodopseudomonas spheroides from which 
it is possible to extract and purify relatively large quantities of bacterial 
cytochrome. As will be shown below, mammalian cytochrome c is an ade- 
quate substrate for determining qualitatively the presence of the enzymes 
associated with the bacterial cytochrome. 


R. rubrum and R. spheroides 


General Characteristics of Two Oxidases—Sonic extracts of these species 
contain all three enzymes (2). Differential centrifugation was used to 
achieve a partial separation of the two oxidases. Results for R. rubrum 
preparations are given in Table IL. The relative amounts of protein and 
photoactive pigment (chlorophyll and carotenoids) were determined and 
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compared with the activity of the oxidases. Treatment for 1 hour at 
20,000  g sedimented most of the pigment and protein in the extract. 
On beginning with the supernatant solution, which still contained appreci- 
able amounts of both oxidases, further centrifugation at 100,000 x g for 
| hour resulted in the formation of three distinct layers. The bottom 
layer, deeply purple-colored, contained relatively more pigment than pro- 
tein and was composed of large particles similar to those reported earlier 
by Schachman et al. (4). The middle layer, less deeply colored, contained 
some of the larger particles with an admixture of much smaller particles. 


| 
Fractionation of R. rubrum Cytochrome ¢ Oxidase and Photooridase by Centrifugation 


The values are determined on a basis of 100 per cent for the original sonic extract 
of R. rubrum. 


Per cent recovery 


Ox idase 
Original extract 100 100 100 100 ] 
International, 20,000 « g 
Residue 6 69 3S oe | 0.56 
Supernatant 37 27 26 24 1.1 
Spinco, 100,000 g, 1 hr. 
Residue 5.5 4 i) 17 0.53 
Supernatant, bottom 6.1 Il 4 2.5 1.6 
- top 21 1.3 13 1.2 ll 
Spinco, 100,000 * g, 2 hrs. 


Supernatant, top =~60.5 0.014 0.14 0 


The supernatant fluid, of a light straw color, contained most of the protein 
and rubrum cytochrome, with relatively little photoactive pigment. 

A centrifugal field of 20,000 < g maintained for 1 hour failed to sediment 
much of the dark oxidase. In this respect, the bacterial oxidase appeared 
to consist of smaller particles than those customarily observed with mam- 
malian preparations of cytochrome oxidase. Further treatment (100,000 
X g, 2 hours) was required to effect complete sedimentation. 

From these results, it was evident that most of the photooxidase resided 
in the large particles, whereas much of the dark oxidase was associated with 
smaller particles. (Note ratios of activity in the last column of Table I.) 
In fact, it was possible to obtain a fraction (Table 1, top supernatant fluid, 
100,000  g, 2 hours) in which dark oxidase activity, still easily detectable, 
was found, with no accompanying photooxidase activity. 

Attempts to extract the R. rubrum acetone powder with sodium deoxy- 
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cholate, so as to render the cytochrome oxidase soluble, were successful 
in preparing clear solutions which still retained oxidase activity, but the 
procedure was of no utility in separating the two activities, because such 
solutions also retained their full photooxidase activity. 

Attempts were made to observe the difference spectra of the R. rubrum 
dark oxidase directly, but the traces of chlorophyll pigment present ob- 
scured the small differences to be expected. Hence, acetone powders 
made of R. rubrum extracts, in which most of the bacterial pigment was re- 
moved, were utilized. Upon reducing a suspension of the acetone powder 
with sodium hydrosulfite and determining the optical density, with a com- 
parable non-reduced suspension as a blank, a definite, reproducible differ- 
ence spectrum was obtained. This difference spectrum was not character- 
istic of an oxidase, but rather of a type associated with cytochrome b (see 
the preceding paper). In no case were we able to find a difference spectrum 
which would correspond to the cytochrome oxidase. However, this was 
not surprising, as an oxidase content, even of the order of that found in 
mammalian tissue, would have required use of very heavy suspensions be- 
fore the difference spectrum could have been made apparent. This ex- 
periment could not be performed with the commercial spectrophotometer 
available. 

Experiments carried out with acetone powders of PR. spheroides yielded 
closely similar results. A difference spectrum, showing the presence of a 
cytochrome b in the organism, with spectral properties identical to R. rub- 
rum cytochrome 560, was found. This cytochrome could be reduced with 
DPNH anaerobically and was autoxidizable. While R. spheroides had 
more oxidase activity on a weight basis, no evidence for an oxidase differ- 
ence spectrum could be found. Thus, the cytochrome oxidase for the two 
facultative photoheterotrophs examined could not be defined spectroscopi- 
cally, but could be elaborated only in terms of activity against different 
cytochromes. 

The general characteristics of the dark oxidase reaction with R. rubrum 
extracts were studied. Thus, like the mammalian system, it was sensitive 
to cyanide, being inhibited 98 per cent at 10-* m and 95 per cent at 3 X 
10-5 m. The additon of AICI; did not result in increased activity. There 
was a slight response to phosphate, the maximal activity occurring around 
10m. <A broad pH optimum, with phosphate buffer, was found from 7.0 
to 7.5. The activity at pIl 6.0 was 70 per cent that at pH 7.5. Cuprie 
ion, magnesium ion, and dinitrophenol at a final concentration of 5 & 10“ 
mM did not inhibit oxidase activity. Mercurie ion at the same concentration 
inhibited completely, sodium azide inhibited 95 per cent, hydroxylamine 
inhibited 87 per cent, and zine ion at 10° m inhibited 40 per cent. 

There remained the possibility that the two oxidases were but one en- 
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zyme, the photooxidation merely being a chlorophyll-sensitized enhance- 
ment of the same system concerned with the dark oxidation. Results pre- 
viously published (2) on the cyanide sensitivity of the oxidase and the 
cyanide insensitivity of the photooxidase were not in accord with the pos- 
sibility of one enzyme serving both purposes. 

The term ‘‘one enzyme,” is taken to mean one active center for both 
functions, since in our tests one protein moiety with two active centers 


Taste II 
R. rubrum Differentiation of Cytochrome Oxidase and Photooridase Activities 


Usual assay procedures. For the experiment without cyanide, the photooxidase 
value was obtained by subtracting dark from light oxidation. In all other experi- 
ments, cyanide was added for photooxidase activity determinations. Each test 
utilized 0.05 ml. of the extract described in Table III. For extraction of pigments 
this extract was treated with acetone at —15° to give an acetone powder containing 
only a small fraction of the original pigment and was suspended in phosphate buffer 
to give a suspension containing 2.6 mg. of protein per ml. For heat inactivation, 
the extract of R. rubrum was incubated at the indicated temperatures before assay- 
ing for activity. 


Optical density change per min. at 550 my* 


Conditions | 
| Oxidase | Photooxidase 

Cyanide effect | 

No CN | | 

10-* CN ~0.324 
Heat inactivation | | 

10 min. at 0° | -0.183 | —0.345 

—0.092 | —0.340 

10 “ §0° | —0.043 | —0.325 

| —0.013 —0.379 
Cold acetone extraction of pigment —0.042 | —0.003 


* An optical density change of 1.0 corresponds to oxidation or reduction of 0.15 
smole of mammalian cytochrome c. 


would be indistinguishable from two entirely separate enzymes. Because 
the cyanide binds the center concerned with dark oxidation, and because 
no light effect on cyanide binding to cytochrome oxidases has been found, 
it is unlikely that the photooxidation proceeds, owing to a light dissoci- 
ation of the CN-oxidase complex. 

The effect of cyanide on the two activities is shown in Table II. Other 
methods for differentiating the two activities are illustrated in Table II. 
Thus, the photooxidase is much more heat-stable and is not readily de- 
stroyed by heating the R. rubrum extracts at elevated temperatures for 
short times. This treatment quickly inactivates the dark oxidase. 
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Extraction of the active photosynthetic pigment (chlorophyll, spirillox- 
anthin, and carotenoids) with cold acetone destroyed the photooxidase 
activity, as expected, but did not affect the site concerned with dark oxida- 
tion. An attempt to reconstitute the photooxidase by the addition of bac- 
terial pigment to the oxidase was unsuccessful. All these results strongly 
indicated the disparate character of the two oxidases. 

Bacterial Reductase—No data were obtained on the distribution of reduc- 
tase in the various fractionations obtained by differential centrifugation. 
Qualitatively, it appeared that the reductase tended to associate more with 
the fractions enhanced in dark oxidase. No oxidase preparations were ob- 
tained which failed to show appreciable reductase activity. This necessi- 
tated considerable correction of observed dark oxidase activity, especially 
in species such as FP. rubrum and the obligate anaerobes, in which reductase 
activity was much higher than dark oxidase activity. 

The bacterial reductase appeared to be somewhat more resistant to in- 
hibition by antimycin A than mammalian DPNH-cytochrome ce reductase. 
Antimycin A at 10-‘ mM final concentration inhibited the bacterial reductase 
only about 20 per cent, whereas this concentration inhibited the mamma- 
lian reductase completely (5). A similar insensitivity to antimycin A has 
been noted in preparations from the protozoan, Tetrahymena pyriformis 3 
(6). 

Specificity—It has been shown that the oxidation of R. rubrum cyto- 
chrome c was not catalyzed by mammalian cytochrome oxidase (7), whereas 
it was catalyzed by the dark oxidase of R. rubrum. This is shown in Fig. 
1, wherein the activity of the bacterial oxidase is seen (Curve B) and the 
inactivity of the mammalian oxidase is apparent (Curve A). 

The R. rubrum oxidase also catalyzed the oxidation of mammalian cyto- 
chrome c, as shown in Fig. 1 (Curve C). For comparable amounts of 
cytochrome, it is noted that mammalian cytochrome c apparently was oxi- 
dized at a faster rate than FR. rubrum cytochrome c. This seemed remark- 
able, because one would have expected the bacterial oxidase to exhibit 
greater activity toward its own cytochrome. The possibility existed that 
trace amounts of R. rubrum cytochrome c could have been mediating the 
oxidation of the mammalian cytochrome c. In contrast to the behavior 
of the oxidase, the bacterial DPNH-cytochrome c reductase was found to 
be more active on the FP. rubrum cytochrome c than on mammalian cyto- 
chrome c, as evidenced by the slopes of the curves shown in reduction of 
the cytochromes after addition of NaCN and DPNH. Since the redue- 
tase was functioning in opposition to the oxidase, this explained in part the 
apparent lower rate of oxidation of the bacterial cytochrome. 

The photooxidase activities of R. rubrum extracts were found to exhibit 
equal rates on either cytochrome. This, in turn, implied a greater differ- 
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ential between the photooxidase and the dark oxidase, by use of the bac- 
terial cytochrome as compared to the mammalian cytochrome c. Thus, 
the ratio of photooxidase to oxidase activity in R. rubrum extracts with 
bacterial cytochrome was 7 to 10, whereas it was only 2 to 3 with mamma- 
lian cytochrome c as test substance. 
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Fic. 1. Enzymatic oxidation and reduction of R. rubrum cytochrome ¢ by R 
rubrum extracts. 1 em. cuvettes contained 30 wmoles of phosphate buffer, pH 7.4, 
0.008 umole of cytochrome ¢ reduced with ascorbic acid, and water to make 1.0 ml. 
Curve A, R. rubrum eytochrome ¢. At zero time, add pig heart cytochrome oxidase 
sufficient to oxidize completely a comparable amount of cytochrome ¢ in 1 minute. 
Curve B, R. rubrum cytochrome ¢. At zero time add 0.05 ml. of R. rubrum sonie ex- 
tract (same as in Table 1). Curve C, mammalian eytochrome ¢. At zero time add 
0.05 ml. of BR. rubrum sonic extract. After 10 minutes add 0.1 wmole of NaCN and 
0.2 umole of DPNH. The values after this addition are corrected for dilution. 


Coupling between Bacterial Cytochrome and Mammalian Cytochrome e¢ with 
Relation to Specificity of Oxidases—Despite the relatively high oxidation 
potential of R. rubrum cytochrome ec (1), it was observed that a direct re- 
duction of mammalian cytochrome ¢ by the reduced bacterial cytochrome 
could be effected; hence a slow partial dark oxidation of the bacterial eyto- 
chrome could be brought about by mammalian cytochrome oxidase, pro- 
vided small quantities of mammalian cytochrome ¢ were present (7). Simi- 
lar results were obtained with the 2. spheroides cytochrome c. 
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This fact indicated that the catalysis of dark oxidation of mammalian 
cytochrome c by the R. rubrum extracts was probably brought about by 
coupling between the mammalian cytochrome c and traces of R. rubrum 
cytochrome c contained in the oxidase, because in this case the difference 
in potential favored, rather than discouraged, a rapid reduction of the bac- 
terial cytochrome by the mammalian cytochrome c. Hence, it appeared 
plausible that the bacterial dark oxidase was specific for its own cyto- 
chrome. This was certainly true for Azotobacter vinelandii, bacterial ex- 
tracts of which oxidized only the A. vinelandii 552, and not mammalian 


Taste III 
Comparison of Oxidase and Reductase with Mammalian Cytochrome ce 

Assay procedures are given under ‘‘Methods.’’ For each test 0.05 ml. of the 
following bacterial sonic extracts was used: Rhodospirillum rubrum, 8.1 mg. of pro- 
tein per ml., Dgso = 34; Rhodopseudomonas spheroides, 3.1 mg. of protein per ml., 
Dsgso = 2.8; Chromatium, 6.0 mg. of protein per ml., Dgoo = 13; Chlorobium limi- 
cola, 3.9 mg. of protein per ml., Drs, = 7.2. The optical densities are given at the 
absorption maxima for photoactive pigments of the different organisms. 


Change in optical density® per min. at 550 my 
h Cytoch 
cytochrome | | Cytochrome 
0.309 —0.146 —0.232 
0.084 —0.157 —0.043 


* Total change in optical density for complete oxidation or reduction = 0.600. 
t See Kamen and Vernon (8) for details of tests with this species. 


cytochrome c. Also, mammalian cytochrome oxidase failed to oxidize A. 
vinelandii 552. 


Comparative Studies on Anaerobic and Aerobic Photosynthetic 
Bacteria 


A preliminary survey of the relative levels of the three kinds of enzymes 
in four species of photosynthetic bacteria was made. It was noted with PF. 
rubrum (see above) that the activities of the enzymes involved depended 
on whether the bacterial or mammalian form of the cytochrome was used in 
the assays. Photooxidase activity, alone, appeared to be unaffected by 
the nature of the cytochrome substrate. In extending the enzyme assays 
to Chromatium and Chlorobium limicola, it was necessary to use mammalian 
cytochrome ¢ as substrate, because insufficient quantities of pure bacterial 
cytochrome from these species were available. In view of the uncertainty 
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introduced by this factor, no attempt was made to evaluate absolute levels 
of enzyme activity. Instead, the attempt was made to establish relative 
levels for a given species. 

Sonic extracts were prepared (1) and tested for the three enzymatic ac- 
tivities associated with cytochrome c. Table III presents the results and 
reveals the presence of DPNH-cytochrome ¢ reductase, cytochrome (dark) 
oxidase, and cytochrome c photooxidase in all organisms. It is noteworthy 
that even the strict anaerobes exhibit appreciable dark oxidase activity. 

In general, the results are consistent with the metabolic pattern of the 
different organisms. Thus, FP. rubrum, a facultative anaerobe, which rarely 
grows as well aerobically in the dark as anaerobically in the light, shows a 
higher reductase than oxidase activity, yet the photooxidase activity is 
higher than the oxidase. Thus the transfer of electrons in this organism 
would seem to favor the photooxidase over the oxidase. In R. spheroides, 
the reverse is observed. This is in accord with the more aerobic nature of 
this organism. With Chromatium and C. limicola, both obligate anaerobes, 
the photooxidase assumes the important position, as would be expected. 


DISCUSSION 


These findings on hematin compounds and associated enzymatic activi- 
ties can be shown to correlate well with metabolic patterns in the photo- 
synthetic bacteria. It remains to consider how they can contribute to a 
rationale for (1) the existence and extent of aerobic metabolism and (2) the 
relation between light and dark metabolism in these organisms. 

The photosynthetic bacteria include strains ranging from strict ana- 
erobes, such as (’. limicola and Chromatium, to facultative heterotrophs, 
such as R. rubrum and R. spheroides. Many cogent arguments (9) and 
some good experimental evidence (10, 11) are at hand to indicate that the 
photochemical process in the photosynthetic bacteria has much in common 
with that which occurs in green plants. Thus, bacterial photometabolism 
is assumed to be coupled to a hydrogen acceptor generated at an oxidation 
potential close to that characteristic of the oxygen electrode (E’o = +0.8 
volt). This acceptor, usually represented as ‘“‘OH,”’ presumably partici- 
pates in photohydrogen transfer in much the same way as does oxygen 
in non-photochemical hydrogen transfer. C. limicola and Chromatium may 
be thought of as potential facultative anaerobes resembling the non-pho- 
tosynthetic sulfate reducers (Desulfovibrio) in that they are anaerobes with 
an oxidative metabolism. Thus, they depend on the photochemically gen- 
erated “OH” as terminal H acceptor, whereas the sulfate reducers require 
sulfate as an exogenous H acceptor. The remarkable resemblance in met- 
abolic patterns of the two groups of organisms even appears to extend to 
possession of a nitrogen-fixing system (12). 
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The nature as well as the amounts of the hematin compounds varies 
considerably, but, again, in a manner to be expected from the comparative 
biochemistry. Thus, by using spectroscopic criteria, the cytochromes in 
the photoanaerobes resemble the hematin compound recently found in De- 
sulfovibrio (13). The cytochrome c of the typical facultative photoaerobes, 
such as R. rubrum and R. spheroides, shows the spectroscopic characteris- 
tics of aerobic tissue cytochrome c. The finding that the Clostridium spe- 
cies lacks any hematin or oxidase activity fits well into the present scheme, 
inasmuch as this organism is a strictly fermentative anaerobe. 

It is reasonable to suppose that one major feature which distinguishes 
the photosynthetic bacteria from non-photosynthetic bacteria with over- 
lapping metabolic patterns (such as Azotobacter, Desulfovibrio, and Thio- 
bacillus) is the possession of a cytochrome photooxidase. The relations 
between light and dark metabolism among the photosynthetic bacteria can 
be correlated by assuming a competition between photooxidase and oxidase 
for substrate cytochrome. 

As an example, we may consider the effect of illumination on dark aero- 
bic metabolism in FR. rubrum. It is well known that during photome- 
tabolism of an organic substrate by cell suspensions of R. rubrum, oxygen 
consumption, characteristic of dark metabolism, is nearly completely in- 
hibited, although substrate dissimilation proceeds at comparable rates in 
light and dark (9). We have found that R. rubrum extracts, as well as 
whole cells, can photooxidize either the mammalian or the bacterial cy- 
tochrome c. Furthermore, relatively enormous quantities of R. rubrum cy- 
tochrome c are found in the bacterium (14). It is reasonable to conclude 
that R. rubrum cytochrome c is the natural substrate in the hydrogen trans- 
fer catalyzed by the bacterial oxidase. Suppose, further, that it is the sub- 
strate in photochemical hydrogen transfer to “OH” through the photo- 
oxidase. The drop in oxygen uptake observed on illumination can be 
ascribed to competition for R. rubrum cytochrome c between “OH” and 
the photooxidase system, on the one hand, and oxygen and the dark oxi- 
dase on the other. Thus the combination of photooxidase, cytochrome c, 
and “OH” represents a shunt around the dark oxidase-O, pathway. This 
hypothesis concerning the locus of the photochemical shunt depends on the 
unique occurrence of R. rubrum cytochrome c, or its equivalent, in the fae- 
ultative photoheterotrophs. The present findings indicate that the oe- 
currence of a modified cytochrome c in large amounts is, in fact, confined 
to the facultative photoheterotrophs. 

The dark oxidative metabolism of the facultative organisms appears to 
be easily understood as proceeding through the R. rubrum cytochrome c and 
its associated oxidase and DPNH-linked reductase. 

It is of interest to note that we have assigned to the Rk. rubrum cyto- 
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chrome c a rdéle in both light and dark hydrogen transfer in R. rubrum, 
whereas in the analogous situation involving cytochrome f in green plant 
metabolism no oxidase has been found, nor is any rdle in respiration as- 
signed (15). This difference between the green plant cytochrome f and 
the bacterial cytochrome c is consistent with the fact that whereas a clear 
cut inhibition of respiration (oxygen uptake) by illumination is easily ob- 
served in R. rubrum no comparable effect is apparent in green plants. 

It is possible that in R. spheroides, in which the oxidase level is higher 
relative to the photooxidase and reductase, than is the case in R. rubrum, 
illumination will not be found to affect oxygen uptake so markedly.' 

Another consequence of the relative levels of the photooxidase, dark oxi- 
dase, and reductase, together with the larger amount of R. rubrum cyto- 
chrome c in R. rubrum, is that, in dark metabolism, one would expect the 
electron transfer process to experience a delay at the cytochrome c level 
because the reductase should pile up reduced cytochrome c faster than the 
dark oxidase can transfer electrons to oxygen. Hence, there should be a 
steady state enhancement in the reduced form. Upon illumination, the 
more active photooxidase should shift the ratio of reduced to oxidized cy- 
tochrome to favor the oxidized form. Hence, the action spectrum (differ- 
ence of spectra in dark and photometabolism) should be similar to the dif- 
ference between oxidized and reduced forms of R. rubrum cytochrome c. 
Furthermore, the R. rubrum cytochrome c should be predominantly oxi- 
dized in the light and reduced in the dark. Duysens has recently found 
that the action spectrum of a R. rubrum strain, closely similar to that used 
in these researches, is in accord with this deduction (16). 

It can be reasoned that C. limicola and Chromatium, containing a com- 
plete complement of enzymes associated with cytochrome c, couple hydro- 
gen transport to the photochemical system in a manner analogous to that 
described for the facultative organisms. The inability of these organisms 
to utilize oxygen probably reflects the inability of their cytochrome oxidase 
to function. A possible contributory factor is the absence in any large 


'R. Clayton (personal communication) has recently found that illumination of 
resting cell suspensions of R. spheroides metabolizing pyruvate depresses oxygen 
uptake approximately 35 per cent at light intensities 5-fold the saturation. At this 
level of illumination and under the same conditions, oxygen uptake in suspensions of 
R. rubrum is almost completely abolished, whereas photoassimilation of pyruvate 
is not affected markedly. 

? Recently, Lundegiirdh has investigated the state of reduction of cytochrome f 
in suspensions of Chlorella, in wheat leaves, and in wheat leaf homogenates (17). 
The spectrophotometric data obtained indicate that cytochrome f is mostly oxidized 
in the light and reduced in the dark, whereas the oxidation-reduction balance of 
eytochromes } and ¢ in the same tissue is not affected by illumination. These results 
strengthen the proposed analogy between the bacterial cytochrome c¢ and the plant 
eytochrome f. 
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amounts of a cytochrome c type compound such as is found in the faculta- 
tive organisms. It is premature, however, to speculate on the significance 
of the presence of cytochrome oxidase in these anaerobes. 

An important assumption throughout this discussion is that the photo- 
oxidase activity found in extracts, as assayed with mammalian cytochrome 
c as substrate in most experiments, is identical with the actual photooxi- 
dase of the photochemical process. Although we have presented sup- 
porting evidence in a previous paper (11), final proof or disproof of this 
assumption probably cannot be attempted until the nature of “OH”’ is 
elucidated. It is gratifying, however, that, despite the preliminary nature 
of these findings and the incompleteness of the survey of the bacterial 
hematin compounds, such plausible correlations between metabolic pat- 
terns and hematin content can be deduced. 

Finally, it appears of interest to emphasize the relatively high oxidation 
potential apparently associated with the R. rubrum dark oxidase. Its abil- 
ity to catalyze the dark oxidation of R. rubrum cytochrome c indicates 
that its oxidation potential might be some 0.07 to 0.1 volt higher than that 
for mammalian cytochrome oxidase. It does not appear that any respira- 
tory enzyme with this high potential has been reported previously. No 
enzymatic steps in electron transfer are known with oxidation potentials 
above that of cytochrome oxidase, which is still some 0.5 volt below that 
of the oxygen electrode. Since the existence of the R. rubrum oxidase with 
its high potential would not have been inferred without the availability of 
its characteristic substrate (2. rubrum cytochrome c) in pure form, it seems 
possible that further elaboration of bacterial cytochromes may provide a 
means of detecting other oxidases with potentials even higher than that of 
the R. rubrum oxidase. 


SUMMARY 


1. Enzymes associated with cytochrome c have been found in all four 
species of photosynthetic bacteria examined. These include strict ana- 
erobes as well as facultative organisms. The enzymes studied were the 
DPNH-linked reductase, dark oxidase, and photooxidase. Relative levels 
of activity for these enzymes parallel the over-all metabolic pattern. 

2. The photooxidase, as obtained from the facultative organisms, is ac- 
tive only in the relatively large subcellular chromatophores, whereas the 
thermal oxidase is associated with smaller particles sedimentable only by 
exposure for 2 hours to very high centrifugal fields (100,000 & g). Evi- 
dence is presented indicating that the photooxidase and oxidase are two 
distinct enzymes. 

3. The bacterial oxidases and photooxidases of Rhodospirillum rubrum and 
Rhodopseudomonas spheroides have been studied in some detail. Evidence 
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is presented indicating that the dark oxidases are specific for their own cy- 
tochromes. 

4. It is suggested that the comparative biochemical behavior of the fac- 
ultative photoheterotrophs depends in part on competition between pho- 
tooxidase and oxidase for substrate cytochrome. In particular, photo- 
chemical mediation of H transfer is assumed to occur at the electrochemical 
level of cytochrome c. 

5. The comparative biochemistry of the photosynthetic bacteria is dis- 
cussed on the basis of these findings. 
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STUDIES IN HISTOCHEMISTRY 


XXXVI. DETERMINATION OF MILLIMICROGRAM QUANTITIES OF 
COENZYME A AND ITS DISTRIBUTION IN THE RAT ADRENAL* 


By BO G. MALMSTROMt ann DAVID GLICK 


(From the Histochemistry Laboratories, Department of Physiological Chemistry, 
University of Minnesota, Minneapolis, Minnesota) 


(Received for publication, July 12, 1954) 


In connection with quantitative histochemical studies of factors which 
control enzyme activities in vivo, particularly in the adrenal gland, this 
laboratory has been concerned with the development and application of 
procedures which permit the determination of certain enzymes, coenzymes, 
and activators in microgram quantities of tissue, ¢.g. microtome sections. 
By means of these microprocedures it is possible to correlate enzyme ac- 
tivity with physiological state in histologically defined material. 

The present communication is concerned with a method for the quantita- 
tive histochemical determination of coenzyme A (CoA), which has been 
shown to play a particularly important réle in the metabolism of the adrenal 
gland (1-4). The analytical procedure which was developed is an adapta- 
tion of the method of Kaplan and Lipmann (5), and it gives a 50-fold in- 
crease in sensitivity by decrease in the reaction volume. A mathematical 
analysis of the standard curve is included which led to a redefinition of the 
coenzyme unit. Analytical errors and precision are also considered. Kap- 
lan and Lipmann (5) determined the amount of CoA in the whole and 
demedullated rat adrenal. In this report the quantitative distribution 
of CoA in the various zones in the rat adrenal is described. 


EXPERIMENTAL 


Apparatus 


The microchemical equipment employed was described previously (6-9). 
An interference filter (Bausch and Lomb) having peak transmittance at 
546 my was used with the microscope colorimeter for the photometric read- 
ings. The capillary glass cuvettes had a lumen of 1 mm. diameter, 10 
mm. length, and 7.9 wl. capacity. Two types of reaction tubes were used: 
2 mm. inner diameter, 28 mm. length, 88 wl. capacity, and 4 mm. inner 


* This investigation was supported by a research grant, No. RG-3911, from the 
National Institutes of Health, United States Public Health Service, and the Medical 
Research Fund of the Graduate School, University of Minnesota. 

t Present address, Institute of Biochemistry, Upsala, Sweden. 
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diameter, 25 mm. length, 0.3 ml. capacity. They were stoppered with 
short lengths of plastic tubing plugged with pieces of glass rod ((10) p. 
169). Constriction pipettes ((10) p. 172) of the following capacities were 
used: 2.3, 6.5, 23, and 49 wl. The reaction tubes and constriction pipettes 
(including the outside of the tip) were coated with silicone to avoid creeping 
of liquid by filling with a solution of Drifilm (General Electric Company), 
draining, allowing to dry, and rinsing several times with distilled water. 


Reagents 


The reagents used were the same as those employed by Kaplan and 
Lipmann (5), except that potassium salts were substituted for sodium 
salts to increase the activity of the pigeon liver extract (11) and the cysteine 
. solution was 0.2 m instead of 0.1 m and was made up in 0.2 m dipotassium 
acid phosphate. In the procedure finally adopted the aged pigeon liver 
extract of Kaplan and Lipmann (5) was used, but in some experiments the 
endogenous CoA was removed with Dowex 1 (Dow Chemical Company, 
Midland, Michigan), as described by Novelli and Schmetz (12). Pigeon 
liver enzymes partially purified according to Chou and Lipmann (13) were 
employed in a few experiments. A highly purified sample of CoA prepared 
commercially by the method of Beinert et al. (14) (lot No. 402, Pabst Lab- 
oratories, Milwaukee) was used for standardization. 


Preparation of Samples for Chemical Analysis and Histological Control 


Adrenal glands and liver were obtained from male albino rats of the 
Holtzman strain. The animals were killed by a single hammer blow on the 
head. The tissues were rapidly dissected and quickly frozen by dropping 
each piece into a separate hole drilled into a block of solid carbon dioxide 
and covered with powdered solid carbon dioxide. Homogenates in water 
were prepared with a Potter-Elvehjem homogenizer by grinding the tissue 
in an ice bath for 1 minute, quickly transferring to a boiling water bath for 
30 seconds (for 0.2 ml.), or 60 seconds (for 0.5 ml.), and returning to the ice 
bath. By this means enzymatic destruction of CoA is minimized (5). The 
homogenates were finally centrifuged until clear before assaying for CoA. 

When microtome sections were used for analysis, the samples were pre- 
pared as described by Bahn and Glick (15). The frozen sections were put 
in reaction tubes on 6.5 yl. of frozen water or 0.1 Mm phosphate buffer, pH 
7.0. Sections for histological control were treated and stained with tol- 
uidine blue by the procedure used by Bahn and Glick (15). 


Assay Conditions 


The major difficulty in developing the microprocedure was soon found to 
be the increased rate of autoxidation of sulfhydryl groups when the volume 
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of the digestion mixture was reduced without a proportionate decrease in 
the air-liquid interface. When the volume of the digestion mixture was 
12 yl. in reaction tubes having an inside diameter of 4 mm., no activity was 
found even if the CoA concentration was equivalent to coenzyme satura- 
tion under the macro conditions. In these reaction tubes it was found 
necessary to use a volume of 100 yl. to minimize autoxidation, but this 
resulted in only a 10-fold increase in sensitivity over the macromethod. 
The following means of preventing autoxidation with smaller volumes were 
investigated: (1) the use of glutathione instead of cysteine as a source of 
sulfhydryl groups; (2) an increase in the concentration of cysteine or gluta- 
thione; (3) the addition of ethylenediaminetetraacetic acid to form com- 
plexes with possible traces of heavy metals which catalyze the autoxidation; 
(4) displacing air in the reaction tubes by nitrogen passed through a drawn 
out glass tube with its orifice (0.5 mm. inside diameter) adjacent to the tip 
of each pipette used for adding reagents ((10) p. 371); and (5) the use of 
reaction tubes with an inner diameter less than 4mm. Of these, only the 
second and last proved useful. Carrying out the reaction under strictly 
anaerobic conditions would undoubtedly be effective, but this would entail 
technical complications. With 0.2 m cysteine the activity obtained in the 
macromethod could be attained by using reaction tubes with 2 mm. inner 
diameter and a digestion volume of 22 yul., which gives the same surface 
to volume ratio as that employed by Kaplan and Lipmann (5). 

Extraction of CoA from microtome sections without loss by autolysis 
was found to be one of the most critical steps in the method. If the sec- 
tions thawed before inactivation of the autolyzing enzymes, CoA was lost. 
When the tubes containing frozen extraction liquid and sections were put 
in the boiling water bath to inactivate the enzymes, the sections had a 
tendency to stick to the walls of the tube so that they could not be brought 
down into the extraction medium. This difficulty was circumvented as 
follows: The extraction medium was not pipetted into the bottom of the 
reaction tubes, but was placed as a seal across the lumen ((10) p. 365) a few 
mm. from the bottom. When the tubes were then put into the water 
bath, the air pocket expanded and pushed the liquid up into contact with 
the sections. The wet sections did not stick to the walls and could be 
easily pushed down into the extraction medium with the tip of a finely 
drawn out glass rod. However, with this procedure loss of CoA still oc- 
curred if the heating was continued for more than 30 seconds, even with a 
neutral solution of purified CoA; undoubtedly the destruction is more rapid 
in acid solution. A satisfactory procedure was to place the tubes with the 
frozen extraction medium and sections in the boiling water bath for 10 to 
15 seconds and then rapidly transfer them to an ice bath. By this pro- 
cedure the same amount of CoA was obtained by extraction with either 
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water or phosphate buffer, but the latter is safer. Extraction with 30 per 
cent glycerol or 0.88 m sucrose yielded the same activity as extraction in 
water or buffer. 

The acetylating activity obtained with partially purified pigeon liver 
enzymes (13) for a given CoA concentration was the same as that with 
crude extracts. The removal of endogenous CoA with Dowex | appeared 
to have no particular advantage over aging. 

Magnesium ions activate the enzyme catalyzing the formation of acety! 
CoA (16). Addition of magnesium sulfate to a final concentration of 10-* 
mM did not influence the activity, which shows that the endogenous magne- 
sium in the pigeon liver extract is sufficient to saturate the enzyme. 


Procedure for Coenzyme A Determination 


(1) Place a seal of 6.5 ul. of the 0.1 Mm phosphate buffer, pH 7.0, across the 
lumen of a reaction tube (2 mm. inside diameter) a few mm. from the bot- 
tom and freeze the liquid. (2) With the tip of a drawn out glass rod place 
fresh frozen microtome sections of tissue or other frozen samples on the 
frozen liquid. (3) Place the reaction tube in a boiling water bath for 10 to 
15 seconds and rapidly transfer the tube to an ice bath. (4) After 30 sec- 
onds push the tissue down into the extraction medium with a glass needle 
and mix by “buzzing” for 1 minute. (5) Add 6.5 ul. of the sulfanilamide 
reaction mixture (5) and mix. (6) Add 2.3 ul. of | M potassium bicarbonate. 
(7) Add 2.3 wl. of 0.2 m cysteine hydrochloride. (8) Add 6.5 ul. of the aged 
pigeon liver extract; cap the tube and mix. (9) Place the tube in a water 
bath at 37° for 2 hours. (10) Halt the reaction by transferring a 6.5 gl. 
aliquot of the digestion mixture to a tube (4 mm. inside diameter) contain- 
ing 49 ul. of 5 per cent trichloroacetic acid; mix. (11) Centrifuge for 5 
minutes at 2500 X g. (12) Transfer a 23 ul. aliquot of the clear liquid to a 
reaction tube (4 mm. inside diameter). (13) Add 2.3 ul. of 0.1 per cent 
sodium nitrite solution and mix. (14) After 3 minutes add 2.3 ul. of 0.5 
per cent ammonium sulfamate solution and mix. (15) After 2 minutes 
add 2.3 ul. of 0.1 per cent N-(1-naphthylethylenediamine dihydrochloride 
and mix. (16) Transfer an aliquot to a cuvette and determine the optical 
density at 546 mu. (17) Determine the optical density of a blank carried 
through the entire procedure, omitting steps (2) to (4). (Note that the 
cysteine and bicarbonate solutions must be made up fresh for each use.) 


Concentration-Activity Relationship and Coenzyme A Unit 


Fig. 1 illustrates the percentage of the amount of added sulfanilamide 
that has been acetylated in 2 hours at 37° as a function of the amount of 
CoA added in three different kinds of samples to a total incubation volume 
of 24 yl. It was found that the data can be adequately represented by the 


B. G. MALMSTROM AND D. GLICK 681 


following equation,' 


(1) 


where s is the percentage of added sulfanilamide that has been acetylated, 
c is the concentration of CoA, K is a constant, and s,, is the asymptotic 
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Fic. 1. Concentration-activity relationship for CoA from different sources. O, 
purified CoA (Pabst); @, liver homogenate; (}, microtome sections of liver 3 mm. in 
diameter, 16 4 thick. The curve was obtained by calculation from Equation 1. 


limit of s when ¢ approaches <. s,, cannot be determined directly, but is 
calculated from any two pairs of values of c and s by the following equation, 


(2) 


where only the relative values of c; and c. need be known. For a given 
pigeon liver enzyme, incubation time, and temperature, s,, is a constant. 
It will asymptotically approach 100 per cent with increasing pigeon liver 
enzyme concentration or time; for the experimental conditions used in the 
present study, s,, = 94 per cent (Fig. 1). ¢ is purposely expressed as the 
concentration rather than as the amount of CoA, since this makes Equation 

' Equation 1 must be regarded as purely empirical and has no obvious kinetic 


meaning, since the over-all reaction measured is complex (16) and involves at least 
two enzymes (13). K cannot be interpreted as a Michaelis constant. 
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1 independent of the reaction volume. It appears desirable to redefine the 
unit of CoA in terms of Equation 1, since s,, can then replace the arbitrar- 
ily chosen level of “‘practical saturation,’ which is also not clearly defined, 
as used by Kaplan and Lipmann (5). For this purpose K is given the 
value 1 unit per ml. Half maximal activity will thus be reached when the 
concentration of CoA in the reaction mixture is 1 unit per ml. since s = 
Sm/2 when c = K. The amount of CoA can then be calculated from the 
volume of the reaction mixture. In the procedure of this report the re- 
action volume is 24 yl.; therefore half maximal activity will correspond to 
0.024 unit of CoA (Fig. 1). 

By applying the preceding treatment to the data of Kaplan and Lipmann 
(5), it can be shown that 1 unit, as defined here, corresponds to 1.4 of their 
units. The present unit is equivalent to about 1 y of bound pantothenic 
acid (5) or about 3 y of CoA (17). 

In determining the amount of CoA in an unknown sample, the result is 
not read off the curve in Fig. 1, but calculated from the following formula 
derived from Equation 1, 


c= (3) 


where n = s/s. Since the reaction volume is 24 ul., the amount of CoA 
equals 24n/(1 — n) milliunits. 6. 


Tests of Method 


Blanks—When 10 per cent rat liver or adrenal homogenates were carried 
through the entire procedure, only the sulfanilamide being omitted from the 
reaction mixture, no color was found. This was also true for samples con- 
sisting of groups of eight circular adrenal sections (2 mm. diameter X 0.016 
mm., 0.05 ul.) from different histological regions. Therefore tissue blanks 
were not required in the CoA determination in these cases. 

Extraction—The same concentration of CoA in rat liver was found with 8 ii 
homogenates or sections, e.g. Table I, which indicates that all the CoA is 
extracted from the sections without loss by autolysis. This is also shown 
by the fact that three sections, 16 » thick, gave the same analysis as six 
sections, 8 » thick, of the same diameter (Table 1). 

Influence of Tissue Components on Activity—From Fig. 1 it can be seen 
that activity values of samples of homogenates and sections fall on the 
standard curve determined with purified CoA. Thus, it is demonstrated 
that the tissue components present, other than CoA, do not influence the 
activity. This is also shown by two experiments in which samples of puri- 
fied CoA and liver and adrenal homogenates were analyzed separately and whe 
in 1:1 combination. The calculated and found activities of the combined 
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samples were 42 and 46 milliunits in one case and 24 and 21 in the other, 
an agreement within the error of the method. 

Reproducthility—T able I summarizes three series of analyses carried out on 
homogenates and sections to determine the reproducibility of the method. 
In all cases the standard deviation is about 15 per cent. This relatively 
large error is undoubtedly partly a result of pipetting errors, since the pro- 
cedure involves many additions of small volumes (6.5 and 2.3 ul.). How- 
ever, even if the manipulative errors were greatly reduced, it would not be 
possible to increase the precision greatly since a considerable error is in- 
herent in the photometric measurement, as shown in the following. 

Photometric Error—The photometric error in a method involving the 
measurement of a color difference has been theoretically treated (6). For 


Taste I 
Reproducibility of CoA Determination on Rat Liver 


Milliunits CoA 


Sample | ant | Standard | Standard 
| | Mean | deviation | yao hig 
Homogenate (0.52 mg. tissue)............... 6 33 48 | 2.0 
3 sections, 3 mm. diameter, 16 w thick (0.34 | | 
Po 4 = | | 38 
6 sections, 3 mm. diameter, 8 w thick (0.34 | | 
4 2 | 36 | 1:8 


the present case this treatment must be modified to account for the fact 
that ¢ is a non-linear function of s. When Equation | is solved for c, 


sk 


c= (4) 
s is calculated from the experimental measurements 
(De D) x 100 


Do 


where D and Do are the optical densities of sample and blank, respectively. 
The photometric error is then derived as follows: 


de ds de 43 8K 


(6) 


where 7 is the per cent transmittance. The relative analytical error is 
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obtained by dividing both sides of Equation 6 by ec: 
% relative analytical error 100dc/c 4300s,, (7) 


1% absolute photometric error aT 8T Dols, — 8) 


The absolute photometric error with the instrument used was about | 
per cent transmittance, which gives the errors illustrated in Fig. 2. The 
relative error is never below 5 per cent, and with the amounts of CoA of 
interest in the present study it falls between 7 and 10 per cent. Conse- 
quently, the photometric error accounts for a major part of the over-all 
error (Table I). 
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Milliunits CoA 
Fic. 2. Photometric error as a function of amount of CoA 


Distribution of Coenzyme A in Rat Adrenal 


The composite curve, which was constructed as described by Bahn and 
Glick (15), of the CoA distribution in five normal rat adrenals is presented 
in Fig. 3. The concentration of CoA found is lower than that reported by 
Kaplan and Lipmann (5) and closer to the values found in pantothenic 
acid-deficient animals by Olson and Kaplan (18). However, the animals 
showed no deficiency symptoms, and the CoA concentration in the liver, 
which falls most rapidly in deficiency (18), was the same as that reported 
for normal animals by Kaplan et al. (5, 18). In samples from five dif- 
ferent animals values between 65 and 85 “‘new”’ units per gm. of fresh tissue 
were found in this laboratory. A strain difference may account for the 
variation in the adrenal concentrations, 

The distribution curve has peaks in the outer and inner portions of the 


t 
h 
p 


G. MALMSTROM AND D. GLICK 


fascicular zone. Similar chemical heterogeneity of the fasciculata has been 
found for other constituents, ¢.g. ascorbic acid (15), and this zone has also 
been shown to be histologically heterogeneous (19). The CoA concentra- 
tion is low in the middle of the reticularisand rises somewhat in the medulla, 
but does not reach the peak values of the cortex. 

Klein and Lipmann (20) demonstrated a relationship between lipide 
synthesis and CoA in yeast and in rat liver. Boyd (21) and others (1—4, 22) 
found CoA to play a réle in cholesterol synthesis in the rat. It is, therefore, 
of interest that the highest concentration of fat occurs in the outer fas- 
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Rat Adrenal (5) 


T 


Millunits CoA /8 Sections 
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Fic. 3. Distribution of CoA in the adrenal gland of the normal male albino rat. 
Kight microtome sections, 2 mm. in diameter, 16 w thick, total volume 0.4 gl. C de- 
notes capsule; G, glomerulosa; F, fasciculata; R, reticularis; WV, medulla. Com- 
posite curve of results with five adrenals. 


ciculata (23) where there is also a peak in CoA concentration. Most of the 
lipide in this region has been shown to be cholesterol.” 


SUMMARY 


A procedure for the determination of CoA in microgram quantities of 
tissue has been developed from an adaptation of the method of Kaplan 
and Lipmann. Conditions necessary for measurements on the micro scale 
have been elaborated. A new, more advantageous CoA unit has been 
proposed, which equals 1.4 Kaplan-Lipmann units and is equivalent to 
about | y of bound pantothenic acid. The sensitivity of the micromethod 
is about 3 milliunits or 10 mugm. of CoA. 


? Glick, D., and Ochs, M. J., Endocrinology, in press. 
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The quantitative histological distribution of CoA in the normal rat ad- 


renal has been described. 


The authors wish to thank Misses M. J. Ochs and Joy Larsen for tech- 


nical assistance. 
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UTILIZATION OF BRANCHED CHAIN ACIDS IN CHOLESTEROL 
SYNTHESIS* 


Br KONRAD BLOCH, L. C. CLARK, anno ISAAC HARARYT 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, July 19, 1954) 


Following the demonstration that acetic acid serves as a precursor in the 
biosynthesis of the steroids, considerable effort has been made to identify 
small molecular intermediates in the conversion of acetate to steroids. 
Two compounds, butyric acid (1) and isovaleric acid (2), are utilized for 
cholesterol synthesis in vivo to an extent equal to or greater than acetate, 
but it has not been proved that the participation of these acids in the syn- 
thetic process is direct. 

The distribution pattern of acetate carbon in the isoocty! side chain of 
cholesterol (3) and the réle played by squalene (4) have indicated that in 
the early stages of steroid biogenesis 3 molecules of acetate condense to 
form branched chain intermediates having an isoprenoid carbon skeleton 
(5). Of interest in this regard are the structures of several naturally oc- 
curring acids; 8-hydroxy-8-methylglutaric acid (6, 7), B-hydroxyisovaleric 
acid (8), and 8-dimethylacrylic acid (9). The origin of branched chain 
acids from acetate has been postulated in the past (10, 3) and has more 
recently been demonstrated experimentally (11, 12). The utilization of 
these branched chain acids and of cis-8-methylglutaconic acid for cholesterol 
synthesis in the intact animal and in liver homogenates is the subject of 
the present paper. 


EXPERIMENTAL 


Preparation of Isotopic Compounds—3-C™-8-H ydroxy-8-methylglutaric 
acid was prepared according to Klosterman and Smith (7) by reaction of 
1-C'*-ethyl acetate with 2 moles of the Grignard compound of ally] bromide 
to give diallyl methylearbinol, and by subsequent ozonolysis. The acid, 
after two recrystallizations from acetone-benzene, melted at 107° and 
showed no depression of the melting point on admixture of an authentic 
sample kindly provided by Dr. H. J. Klosterman. The radiochemical 
vield, based on 1-C"-acetate, was 14 per cent. 

cis-8-Methylglutaconic Acid—120 mg. of the 3-C'-hydroxymethylglu- 
taric acid were converted to 8-methylglutaconic anhydride according to 
Adams and Van Duuren (6); m.p. 82°, yield 56 per cent. A portion of the 


* Supported by a grant from the Life Insurance Medical Research Fund. 
t Postdoctoral Fellow of the American Cancer Society. 


687 


r, 


688 BRANCHED CHAIN ACIDS IN CHOLESTEROL 


anhydride was converted to cis-8-methylglutaconic acid by heating for 
half an hour with a slight excess of 10 per cent aqueous NaOH. The acid 
was extracted from the acidified solution with ether and crystallized by 
concentration of the extract; m.p. 150°. Another portion of the anhydride 
was used for the preparation of the coenzyme A derivative according to the 
general method of Simon and Shemin (13). 10 mg. of coenzyme A (CoA) 
(Pabst Brewing Company, 90 per cent purity) were dissolved in 1 ml. of 
water, 0.4 ml. of 1 n KHCO; was added, and the sulfhydry! content of the 
solution determined (14) in a small aliquot. To the remainder of the so- 
lution were added 3 mg. of methylglutaconic anhydride, and the mixture 
was agitated in the cold for 30 minutes. At the end of this time 95 per 
cent of the coenzyme A had reacted, as judged by the disappearance of the 
SH groups. Since methylglutaconic acid is not a symmetrical acid, it is 
likely that the reaction product was a mixture of two thio esters. No 
separation was attempted. 

3-C'-Ethyl B-Hydroxyisovalerate was prepared by slight modifications of 
the usual conditions for the Reformatskii reaction (15). Pyrolysis of 1- 
C'-lithium acetate (16) yielded 2-C™-acetone (20 mmoles), which was 
permitted to react with 22 mmoles of ethyl bromoacetate in 20 ml. of 1:1 
benzene-toluene in the presence of 2 gm. of granular activated zine. A 
small crystal of iodine was added at the start. After the initial reaction 
had subsided, the mixture was heated under reflux for 1 hour. After cool- 
ing, the contents of the flask were poured into a mixture of crushed ice and 
15 ml. of 2 N HSO,y The mixture was shaken until the ice had melted, 
the solvent layer was separated, and the aqueous phase extracted four 
times with benzene. The combined extracts were washed three times with 
0.5 nN H.SO,, several times with water, and then dried over anhydrous 
NaSO,y The solvent was removed and the remaining liquid distilled. The 
fraction boiling at 58—60° at 9 mm. of Hg was collected. The radiochemical 
yield, based on the lithium acetate, was 36 per cent. For characterization 
the hydrazide of 8-hydroxyisovaleric acid (8) was prepared (m.p. 103°); 
the C' concentration remained constant on five successive crystallizations 
of the hydrazide from benzene-alcohol. In the feeding experiments either 
the ethyl ester or the sodium salt of hydroxyisovaleric acid was used. The 
salt was prepared by saponification of the ester at room temperature with 
an equimolar amount of NaOH in 50 per cent ethanol. 

3-C'-B-Dimethylacrylic Acid—0.60 gm. (4.12 mmoles) of 3-C-ethyl-s- 
hydroxyisovalerate was mixed with 4.12 mmoles of KHSO, and heated 
under reflux for 3 hours in an oil bath kept at 160°. The reaction product 
was extracted with ether, and an aqueous solution of NaOH (4.5 mmoles) 
was added. The mixture, after standing at room temperature overnight, 
was heated for 15 minutes on the steam bath, the ether was distilled, and 
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the aqueous solution acidified with H,SO,. Steam distillation gave, in 50 
per cent vield, an acid whose Duclaux numbers (16.7, 16.7, 15.5) were 
identical with those of an authentic sample of 8-dimethylacrylic acid. The 
radioactive product was further characterized by addition of normal di- 
methyl acrylate to an aliquot and crystallization of the acid from water. 
The C™ concentration of the free acid, after correcting for dilution, was in 
agreement with that calculated from the radioactivity of the hydroxyisoval- 
erate which was the starting material. Another sample of the C'-di- 
methyl! acrylate was converted into the anilide by way of the acid chloride. 
500 mg. of the free acid were heated under reflux with an excess of thiony! 
chloride for 30 minutes. The reaction mixture was cooled and evacuated 
to remove the unchanged thionyl chloride. An excess of aniline in 5 ml. 
of benzene was added and the mixture heated on the steam bath for 15 
minutes. The benzene solution, after successive washings with water, 1 
x NaOH, | ~ HCl, and again with water, was evaporated to dryness, and 
the residue recrystallized from water-ethanol; m.p. 127-128°. The di- 
methyl acrylyl anilide was homogeneous as judged by alumina chromatog- 
raphy, and its isotope concentration remained constant during the various 
purification steps. 

Dimethyl Acrylyl Coenzyme A—Dimethy] acrylyl chloride (non-isotopic) 
was prepared as described above and distilled at normal pressure (b.p. 
150-151°). To 50 mg. of the acid chloride in 1 ml. of petroleum ether 
(b.p. 6O-G8°) were added 46 mg. of dry sodium-8-C"-dimethy]l acrylate, 
and the mixture was heated under reflux overnight. The precipitated 
sodium chloride was removed by filtration and the solution evaporated. 
The residue was presumed to consist of dimethyl! acrylyl anhydride and was 
not further purified. The coenzyme A derivative of dimethylacrylic acid 
was prepared as described above for cis-methylglutaconic acid. On the 
basis of the SH disappearance, 90 to 95 per cent of the coenzyme A had 
reacted. The solution after adjustment of the pH to 7 was directly uti- 
lized in the homogenate experiments. The C' concentrations of the radio- 
active compounds in the feeding experiments are given in Table I. They 
are expressed as specific activities and refer to counts per minute of infi- 
nitely thick samples of BaCQOs. 

Feeding Experiments—In the feeding experiments in Table 1, male rats 
of the Sprague-Dawley strain, weighing 80 to 100 gm., received 12 gm. of 
stock diet per rat per day, the composition of the stock diet being that 
used in earlier experiments in this laboratory (17). The isotopic acids were 
dissolved in water, the pH was adjusted to 7, and the solutions were mixed 
with the stock diet. 

For the experiments in Table II, male rats of the Sprague-Dawley strain 
weighing about 200 gm. were used and received 15 gm. of stock diet per 
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day per rat. The quantities of the test substances which were fed are 
listed in Tables I and II. Cholesterol was isolated from the tissues as the 
digitonide in the conventional manner. The values given in Tables I and 
II for the fatty acids refer to the total fatty acids; they were not separated 
in the present experiments into saturated and unsaturated acids. 

Homogenate Experiments—Homogenates of rat liver were prepared ac- 
cording to Bucher (18). The concentration of the isotopic test substances, 
which were present as sodium salts, in the final incubation mixtures was 
either 8.4 & 10% or 2.1 K 10-*. Incubations were carried out in open Erlen- 
meyer flasks at room temperature for 3 hours. Cholesterol was isolated as 
the digitonide which was plated on aluminum planchets and counted. The 
data in Table IV are expressed as counts per minute per mg. of cholesterol 
digitonide. Since the various compounds tested as cholesterol precursors 
had different specific activities (Table 1), the experimental values were 
recalculated as relative specific activities, a value of 100 being assigned to 
the cholesterol formed from 1-C"*-acetate in parallel experiments. 

Degradation Experiments—Liver cholesterol from the various feeding 
experiments was pooled with the cholesterol isolated from the remaining 
organs and from the carcasses to provide sufficient quantities for the chem- 
ical degradations. The pooled samples had specific activities of about 
50 ¢.p.m. 

‘os of Cholesterol—Cholesterol was converted to cholestanyl acetate, 
which was subjected to chromic acid oxidation as described before (3). 
The acetone which was split off (Coz, Ces, Cos) was collected in HgSO, so- 
lution and isolated as the Hg-acetone complex (19). Its isotope concen- 
tration was determined by wet combustion (20) and precipitation of the 
CO, as BaCQO;. <A sample of the Hg-acetone complex was decomposed by 
heating with 10 per cent HCl, the solution was distilled, and the acetone in 
the distillate converted to iodoform (Cx and C27). The isotope concen- 
tration of C2; was calculated by difference from the values for acetone and 
for iodoform. 

Cyo—A portion of the pooled cholesterol samples from the dimethy! 
acrylate feeding was converted to cholestery] chloride, which was then 
degraded by thermolysis to the hydrocarbon CyH go (21). The volatile 
hydrocarbons (isooctane and isooctene) were not recovered in the present 
experiments. The hydrocarbon CH 30 was distilled, and the fraction 
boiling at 210-220° at 10-? mm. of Hg was collected. The hydrocarbon 
was oxidized with chromic acid (22), and the resulting acetic acid isolated 
as the silver salt. Decarboxylation of the silver acetate with bromine 
(23) yielded COs, representing Cio + Cy; of cholesterol. 

Isotopic Analyses—All samples, except for the cholesterol digitonides 
from the homogenate experiments and the iodoform and Hg-acetone from 
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the degradation, were burned in a microcombustion apparatus and the 
carbon dioxide collected as barium carbonate. Radioactivity measure- 
ments were made in a gas flow counter. In all cases sufficient counts were 
made to give an error of less than 5 per cent. 


I 


Utilization of Acetate and Branched Chain Acids for Synthesis of Hepatic 
Cholesterol and Fatty Acids in Young Rats 


S. A., specific activity; RIC, relative isotope concentration. 


Cholesterol | 
| Patty) 
Compound fed S. A., c.p.m. | mmole per! nays acids, | SA. 
leat weight RIC* ad | S. A. fatty acids 
| | | 
3-C'.¢-Hydroxy- 3X 105 0.083 2 2100.07 0.21 69 | 3.0 
8-methyl gluta- | 
rate | | | 
3X 108 900.124 0.2000 27 5.5 
3-C'*-cis-8-Methyl 7.5 10* 0.14 2 610.008 0.014 
glutaconate | | | | | 
3-C™-Ethyl p-hy- 2.0 X 10° 0.25 2 | 2600.13 0.13 100 2.6 
droxyiso- | | | | | | 
valerate} | | | | | | | 
10° 0.25 2 3120.16 0.16 4.0 
2.0 10° 0.25 | 2850.14/0.14 64 4.4 
hydroxyiso- | | ee | | 
valerate | | ie | | 
2.0 108 0.25 2 2300.12/0.12 2.6 
3-C'*.8-Dimethyl 1.7 X 108 0.22 2  16140.95 1.02 198 8.1 
acrylate | | | 
1.7 X 10° 0.22 2 13450.80 0.88 221 6.1 
1-C'*- Acetate 2.7 105 0.22 2 8160.30 0.33 670. 1.2 
2.7x1 1.0 


0.22 1100.41 0.45 | 


* (S. A. in cholesterol isolated)/(S. A. in compound fed). 

t Adjusted for a dose of 0.25 mmole per day per 100 gm. of rat weight. The assump- 
tion is made that the C** incorporation is proportional to the dose and is linear dur- 
ing 2 day feeding periods. 

tS. A. ealeulated for free acid. The ester was mixed directly with the stock diet. 


RESULTS AND DISCUSSION 


The incorporation of C' into cholesterol and fatty acids of the livers of 
young rats which had received in their diets the sodium salts of the four 
branched chain acids is shown in Table 1. Data for acetate are included 
for purposes of comparison. With the exeeption of cis-3-methylglutaconic 
acid, the branched chain acids furnish carbon for cholesterol and, to a lesser 
extent, for the fatty acids from the same tissue. When the data are ex- 
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pressed as relative isotope concentrations (Columns 6 and 7, Table 1), it is 
seen that hydroxymethy! glutarate and hydroxyisovalerate are only one- 
third to one-half as efficient as acetate as steroid precursors. On the other 
hand, the utilization of dimethyl! acrylate is considerably greater, exceeding 
that of acetate by a factor of 2 to 3. The same results were obtained in 
another experiment (Experiment 1, Table 11), when 1-C™-acetate and 3- 
C'-dimethyl acrylate were fed simultaneously to adult rats. Here the 


Taste Il 


Utilization of Acids for Synthesis of Cholesterol and Fatty Acids in Adult Rats 

The dose was 0.5 mmole of acid per 100 gm. of rat weight in Experiments 1, 2, and 
4, and 1 mmole in Experiment 3. The feeding period was 2 days in all cases except 
in Experiment 4, when it was 3 days. 


1 1-C'#-Acetate 0.40 0.32 1.25 
1 3-C'4-8-Dimethy] acrylate 1.58 0.31 5.1 
2 1.50 0.36 4.2 
3t 1-C'’-Butyrate 1.74 5.01 0.35 
3t 3-C'*-Butyrate 2.30 4.58 0.50 
4t 3-C'*-Isovalerate 1.2 0.65 1.9 


* The fatty acid values of :xperiments | and 2 which refer to total fatty acids are 
not directly comparable to those of Experiments 3 and 4, which represent the sat- 
urated fatty acids only. The isotope concentrations in the saturated fatty acids 
found in short term feeding experiments are usually about 1.5 times those of the 
total fatty acids. For direct comparison, the fatty acid values of Experiments 3 
and 4 should therefore be divided by 1.5 and the ratios changed accordingly. 

t Data from Zabin and Bloch (1). 

t Data from Zabin and Bloch (29). 


efficiency of conversion of dimethyl acrylate to cholesterol was 4 times 
greater than that of acetate. 

All the branched chain acids contribute carbon for the svnthesis of the 
higher fatty acids as well as for cholesterol, a result which indicates that 
these compounds are broken down, to some extent, to Cy units or to aceto- 
acetate. However, as shown by the data in the last column of Table I 
and of Table II, the branched chain acids tested in the present experiments 
are, in contrast to acetate and butyrate, considerably more efficient carbon 
sources for cholesterol than they are for the fatty acids. For example, in 
the three experiments with carboxyl-labeled acetate reported here, the 
ratios of the specific activities of cholesterol to fatty acids were near unity, 
‘whereas they ranged from 2.6 to 8.1 in the experiments with the branched 
chain acids. ‘These ratios are highest for dimethy! acrylate, the acid which 
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was also the most efficient sterol precursor on an absolute basis. Break- 
down to acetate, which is reflected in the C™ content of the fatty acids, 
does not, therefore, account adequately for the isotope levels observed in 
cholesterol, and it appears that the carbon skeletons of the branched chain 
acids are more directly utilized. The metabolic behavior of the compounds 
listed in Table I differs in this respect from that of butyrate (Table I1), 
which, although more efficient than acetate as a cholesterol precursor, 
gives rise to substantially higher isotope concentrations in the fatty acids 
than in cholesterol. From what is currently known about the metabolism 
of butyric acid, it may be assumed that acetoacety!] coenzyme A is its ma- 
jor metabolic product and that this intermediate is a common precursor for 
both cholesterol and the fatty acids, either as such or after equilibration 
with acetyl coenzyme A (24, 25). 

That the branched chain acids participate directly in cholesterol syn- 
thesis is more strongly indicated by the C™ distribution in the sterol mol- 
ecule. For the purpose of discussion it may be assumed that isoprenoid 
intermediates are formed from 3 moles of acetate by way of 6-carbon di- 
carboxylic acid. 


C—COOH Cc 
| 

3CH,COOH C—C Cc=C—C 
| 
C—COOH Cc 


If it is correct that 6 isoprenoid units, labeled at the tertiary carbon atom, 
condense to form squalene, which thereafter cyclizes to the steroidal ring 
system, then cholesterol should contain C™ in only the following six posi- 
tions: C4, Cs, Cro, Crs, Coo, and Cos (Fig. 1). The specifie activity of each 
of these carbon atoms should be 27/6, or 4.5 times that of the total molecule. 
Alternatively, if the branched chain acids had been utilized only after con- 
version to acetate, then the labeling pattern in cholesterol should be the 
same as that which follows the administration of carboxyl-labeled acetate; 
i¢., 12 carbon atoms should be labeled and their specific activities should 
be 27/12 or 2.25 times that of the whole molecule. This argument pre- 
supposes that any acetate formed by breakdown of the tertiary labeled 
branched chain acids will contain C™ only in the carboxyl position. In 
order to distinguish between these two possibilities, we have degraded 
cholesterol and determined the C™ level at Co; and in one case at Cy, 2 of 
the 6 steroid carbon atoms which are critical as far as the conversion mech- 
anism is concerned. 

For the analysis of C.;, cholesterol, after conversion to cholestany! ace- 
tate, was subjected to chromic acid oxidation, and the acetone which is 
split off (Cos, Cos, Cor) was analyzed for C. A sample of the cholesterol 
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derived from the feeding of dimethyl acrylate was converted to cholestery| 
chloride and then pyrolyzed to yield the hydrocarbon CygH30. Oxidation of 
the latter yields acetic acid that originates from the following carbon atoms 
of the steroid nucleus (21). 


2CH,COOH 
N 
Cis + Cis Cio + Cir 


Thus the C™ content of the CO, obtained on decarboxylation of this acetic 
acid represents the average isotope concentration of the 2 ring carbons 


20 


25 


4 


Fic. 1. Postulated distribution of C'* (@) in squalene (or steroid) derived from 
isoprenoid precursors labeled at the tertiary carbon atom. 


Cio and Cy7._ Cio is known to be derived from a carboxy! carbon of acetate 
(26), and there is evidence that a methy! carbon of acetate is the source of 
Ci7 (22). In experiments with carboxyl-labeled acetate as the precursor 
or with test substances which are potential sources of 1-C"*-acetate, the 
CO; fraction from the above degradation will contain 1 labeled (Cy) and 1 
unlabeled (C;7) carbon atom, and hence the C™ content of Cyo is obtained 
by doubling the experimental value for Cyo + Cu. The C™ concentration 
of Cyo in the experiment with dimethylacrylic acid has been calculated in 
this manner (Table III), assuming that in this case also Cy; will be un- 
labeled. Breakdown of 3-C'-dimethy! acrylate to methyl-labeled acetate 
can be ruled out since Cos. and C2; were shown to be free of C™ in these ex- 
periments. 

The specific activities of C25 in cholesterol derived from the experiments 
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with the three branched chain acids (Table III) were 3.85, 4.1, and 3.6 
times greater than that of the total molecule. The corresponding value for 
(.5 of cholesterol derived from 1-C"-acetate had previously been found to 
be 1.57 (22). Cye in cholesterol derived from dimethyl acrylate had a 
specific activity of 444, compared to a value of 228 found in experiments 
with 1-C"-acetate (26). These degradation data therefore support the 
contention that only 6 of the 27 carbon atoms in cholesterol are labeled, as 
indicated in Fig. 1, and present further evidence against the likelihood that 
the branched chain acids were utilized by way of acetate. 


TaB_e III 


C'* Concentrations in Various Carbon Atoms of Cholesterol Formed 
from Acetate and Branched Chain Acids 


Relative specific activities* 


C atom of — 

3-C'*.8-Hydroxy-8-methyl glutarate..... 25 385 450 225 
3-C'+.8-Iydroxyisovalerate.............. | 25 410 450 225 
3-C'*.8-Dimethyl acrylate............... 25 | 360 450 225 

10+ 17 | 222 225 113 


* Calculated for a specific activity of 100 in the cholesterol that was degraded. 
Calculation A, 6 labeled C atoms per molecule; Calculation B, 12 labeled C atoms 
per molecule. 

t Data from Cornforth et al. (26). 

t Data from Little and Bloch (22). 


While the findings presented so far suggest that the carbon chains of 
hydroxymethyl glutarate and hydroxyisovalerate as well as that of the 
dimethyl acrylate are employed for cholesterol synthesis without break- 
down to acetate, it is necessary to point out (Table I, Column 7) that the 
utilization of the two hydroxy acids is not of the magnitude which would 
be expected from specific precursors. In the case of hydroxymethyl! glu- 
tarate, the low efficiency is probably not due to poor absorption from the 
gastrointestinal tract, since the conversion efficiency was not improved by 
intraperitoneal injection of the compound. It is conceivable that in the 
biosynthesis of the branched chain acids from acetate (or acetyl coenzyme 
A) the free acids are not the active intermediates. When the free acids 
are administered to the rat, their utilization for steroid synthesis may de- 
pend on the relative rates at which they are transformed into activated 
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derivatives. Whatever the mechanism of activation, the present data 
indicate that this process occurs more readily with dimethy! acrylate than 
with the two hydroxy acids, at least in the intact animal. 

The suggestion that the branched chain compounds in the form of the 
free acids are relatively inert is substantiated by experiments with liver 
in vitro. In homogenates prepared according to Bucher (18), which allowed 
rapid incorporation of acetate into cholesterol, the four branched chain 
acids were utilized to a slight extent only. In contrast to its behavior in 
the intact animal, dimethyl acrylate under in vitro conditions proved to be 
as poor a carbon source as the two hydroxy acids (Table IV). While the 


Tasie IV 


Incorporation of Acetate and Branched Chain Acids into Cholesterol 
in Liver Homogenates 


sulative 
specific activity in 
Compound tested p.m. per mg. of cho- 
lesterol digitonide 


pmoles 2.4 ml. 
| mixture 


ee oc-+cs 


glutarate .......... 
3-C'4-cis-8-Methyl glutaconate................. 
CoA.............. 
3-C'*.g-Dimethyl acrylate...................... 


3-C!4-8-Dimethylacrylyl CoA................... 
................... 


conversion of acetate to acetyl coenzyme A does not appear to be a limiting 
factor in soluble liver preparations (11), it is conceivable that the formation 
of coenzyme A derivatives of other acids, assuming them to be the active 
intermediates, does not proceed as readily. Dimethylacryly! CoA and 
cts-8-methylglutacony! CoA were therefore tested under comparable con- 
ditions. However, preparation of the thio esters failed to improve the 
utilization of these acids. Since the coenzyme derivatives were not purified, 
definite conclusions cannot be drawn from these results. It may be pointed 
out that so far a réle for coenzyme A in cholesterol synthesis has been in- 
dicated only at the acetate level (27, 11). There is no reason to exclude 
the involvement of other coenzymes a priori or to assume that the con- 
densation of the branched acids to larger molecules is of the Claisen type; 
7.e., analogous to the synthesis of the straight chain fatty acids. 

The view has been held in several laboratories that acetoacetate is the 
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first intermediate in cholesterol synthesis from acetic acid. Thus the con- 
version of acetoacetate to cholesterol in liver slices (28) and the efficiency 
of butyric (11) and isovaleric acids (2, 29) as carbon sources have been at- 
tributed to the intermediary formation of acetoacetate. The exact rdéle of 
acetoacetate has, however, remained uncertain because of the findings by 
Blecher (25) that the distribution of C™ in cholesterol formed from 1-C"™- 
or 4-C"-acetoacetate is indistinguishable from that which is caused by 
acetate. Since in the experiments reported here the C™ distribution pat- 
tern in cholesterol was significantly different, it appears safe to conclude 
that the conversion of the branched chain acids to cholesterol does not 
involve a prior degradation to either one of these metabolic products. 

The participation of branched 5-carbon acids in steroid biogenesis has 
been considered in this laboratory for some time, and to test this hypoth- 
esis the utilization of isovaleric acid ((C"H3),CHCH2C“OOH (2) and 
(CH;):C“HCH.COOH (29)) has been investigated in some detail. The 
acid proved to be a considerably more efficient carbon source for cholesterol 
than acetate (Table II). When doubly labeled isovalerate was tested (2), 
it was found, however, that the isopropyl carbons (C, and C,’) of the mol- 
ecule gave rise to much higher isotope concentrations in cholesterol than 
the carboxyl carbon, a result which appeared incompatible with the view 
that isovalerate enters into the synthetic process without alteration of the 
carbon chain. Because of the close structural relation between dimethyl! 
acrylate and isovalerate and because of their similar conversion efficiencies 
in steroid synthesis, there exists the possibility that desaturation to di- 
methyl acrylate is the first step in the metabolism of isovalerate. This 
suggestion has also been made by Bachhawat et al. (30) on the basis of 
studies dealing with the formation of acetoacetate from isovalerate and 
dimethy! acrylate. If this desaturation should prove to be an obligatory 
reaction in the metabolism of isovalerate, then different portions of the 
dimethyl acrylate molecule may not be utilized equally for cholesterol syn- 
thesis. It is for this reason that the direct conversion of dimethyl! acrylate 
to cholesterol cannot be postulated without reservation at this time. Ex- 
periments with carboxy-labeled dimethyl acrylate are being carried out at 
the present to examine this point in greater detail. 

The view that branched chain acids are intermediates in the conversion 
of acetate to cholesterol has recently received support by the demonstra- 
tion that hydroxymethyl! glutarate (11, 12) and dimethyl acrylate (12, 31) 
are synthesized from acetate in rat liver homogenates. Moreover, the dis- 
tribution of acetate carbon observed by Rudney (12) in the two acids is 
identical with that which has been postulated for the isoprenoid precursor 
of squalene and cholesterol (3). The accompanying scheme summarizes 
the relevant findings on the biosynthesis of the branched chain acids, their 
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metabolic degradation to acetoacetate, and the results of the present in- 
vestigation. The available experimental support for this scheme rests on 


CH,;COSCoA 
+ ———» higher fatty acids 
J \CH,;COCH,COSCoA 
CH.COOH HCCOOH 
CH;C—OH —> 
CH:COOH CH,COOH 
+CO, +CO, 
CH; CH; 
CCH.COOH << ——> CH=CHCOOH 
CH; CH; 
CH; ? 
Squalene 
CHCH,COOH 
CH; Cholesterol 


the over-all conversion of the various branched chain acids to cholesterol 
and the observed isotope distribution pattern. The scheme furthermore 
accounts for the utilization of acetate in the synthesis of hydroxymethy! 
glutarate and dimethyl acrylate, and for the formation of ketone bodies 
from isovalerate and dimethyl acrylate. Although cis-8-methyl gluta- 
conate was inactive as a precursor of cholesterol in the present experi- 
ments, the trans acid may well be a component of the conversion process, 
and therefore the unsaturated dicarboxylic acid is included in the scheme. 
Details of the metabolic relationships between the various acids have not 
yet been elucidated; nor has it been shown in which order they appear in 
the reaction sequence. That several of the suggested reactions are re- 
versible at the 5- and 6-carbon level is indicated by the ability of the 
branched acids to furnish carbon for the synthesis of the higher fatty acids 
and by the CO, fixation which accompanies acetoacetate formation from 
isovalerate (32) and dimethyl acrylate (30). 


SUMMARY 


1. The preparation of acid, 3-C™-cis- 
B-methylglutaconic acid, 3-C'-s-hydroxyisovaleric acid, and 3-C'-s-di- 
methylacrylic acid is described. 
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2. The branched chain acids were fed to rats, and the C™ concentrations 
in cholesterol and in the fatty acids of liver were determined. The choles- 
terol isolated from the tissues was partially degraded for the analysis of 
Cy» and Css of the steroid molecule. 

3. The C™ data obtained indicate that the branched chain acids are 
converted to cholesterol without prior breakdown to acetate or acetoace- 


tate. 
4. In liver homogenates, the branched chain acids are converted to 


cholesterol only to a slight extent. 
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THE KINETICS OF THE ACTION OF PEPSIN ON SYNTHETIC 
SUBSTRATES 


By LILLIAN E. BAKER 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, June 10, 1954) 


The rapid hydrolysis by pepsin of N-substituted dipeptides containing 
2 residues of the simple aromatic amino acids, with pH optimum at 2, was 
reported in a previous communication (1). A study of the kinetics of the 
action of pepsin on two of these substrates, acetyl-L-phenylalanyl-L-tyro- 
sine and \-acetyl-L-tyrosyl-L-tyrosine, will be reported here. 


EXPERIMENTAL 


The pepsin used in the preliminary experiments of this study was pre- 
pared from Parke, Davis pepsin by the method of Philpot (2) and was 
twice recrystallized. It was stored until used under half saturated mag- 
nesium sulfate solution at 2°. Pepsin A was prepared from Cudahy pepsin 
by the fractionation procedure of Herriott, Desreux, and Northrop (3). 
Its solubility in 0.05 m acetate, pH 4.6, 0.5 saturated magnesium sulfate 
solution was found to be constant and the same as that reported by these 
authors. Experiments made with this pepsin were performed immediately 
after it was prepared. The two alcohol-crystallized pepsins were prepared 
from Parke, Davis pepsin and from Cudahy pepsin by the method of 
Northrop (4) and were twice recrystallized. They were stored in 20 per 
cent alcohol at 2°. For use in the experiments, Pepsin A and the alcohol- 
crystallized pepsins were dissolved in 0.1 mM acetate buffer, pH 4.6, and di- 
alyzed overnight at 2° against a large volume of the same buffer. The 
Philpot pepsin was dissolved in 1.05 m acetate buffer, pH 4.6, and was not 
dialyzed. Fresh solutions of all the pepsins were prepared about every 7 
days. Somewhat older solutions were used, however, when the purpose 
of the experiment was purely comparative. The total nitrogen of these 
solutions and that not precipitated by boiling 5 per cent trichloroacetic 
acid were determined by the micro-Kjeldah| procedure, and the pepsin 
nitrogen was calculated as the difference between the two. 

and N-acetyl-L-tyrosyl-L-tyrosine were 
prepared as previously described (1). That they were free from an ad- 
mixture of their diastereoisomers, from which they had had to be separated 
in the course of their preparation, was shown by the fact that they were 
100 per cent hydrolyzed by pepsin within a few hours, whereas their di- 
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astereoisomers were not hydrolyzed at all by pepsin even after 48 hours of 
incubation at 37° and pH 2.0. A calculated quantity of the substrate was 
dissolved for each experiment in a measured volume of 0.5 n NaOH solu- 
tion. To an aliquot of this solution there were added a measured quantity 
of a NaCl buffer solution, enough 0.5 n HCl solution to bring the pH of the 
final mixture to 2.0, and an aliquot of the pepsin solution. With the 
higher concentrations of substrate it was necessary to save a portion of the 
0.5 n HCl solution until after the pepsin had been added. In this way 
precipitation of the substrate was avoided. In certain experiments in 
which new substrate was added at the end of a hydrolysis, a solution of the 
substrate was made which contained, at pH 2.0, twice the concentration of 
substrate that was desired in the final medium. Portions of this were mixed 
with equal volumes of the experimental and control solutions, which con- 
tained twice the concentrations of hydrolyzed substrate and pepsin desired 
in the final medium. Portions of a blank solution were also diluted with 
equal volumes of the experimental and control solutions in order to provide 
suitable controls for the new hydrolyses. 

All of the experiments were carried out at 37° and pH 2.0. The degree 
of hydrolysis of the substrate was determined by measuring the amount of 
amino nitrogen that was freed. In some of the first experiments the free 
amino nitrogen was measured in the Van Slyke micro amino nitrogen ap- 
paratus. Later, the ninhydrin method of Moore and Stein (5), modified 
as previously described (1), was used. A pepsin control was run with each 
hydrolysis in order to correct for any amino nitrogen that might be present 
in the pepsin or formed from it during hydrolysis. 

All solubility tests were performed on pepsin in the amorphous state. 
The procedure described by Herriott, Desreux, and Northrop (3) was used, 
but was modified as follows. The volume of the precipitant was doubled, 
and the opacity of the suspended pepsin was measured in the Coleman 
junior spectrophotometer at a wave-length of 400 my. Preliminary tests 
with known concentrations of pepsin showed that a straight line relation- 
ship existed between the concentration of pepsin and the readings on the 
spectrophotometer. 


Results 


When pepsin crystallized from Parke, Davis pepsin by the method of 
Philpot was allowed to act at 37° and pH 2.0 on acetyl-._-phenylalanyl-1- 
tyrosine and N-acetyl-L-tyrosyl-L-tyrosine, the reactions were found to 
follow a logarithmic course, as expressed by the equation 


= — (1) 


in which k, is the velocity constant for unit enzyme concentration, ¢ the 
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concentration of pepsin in mg. of N per ml., ¢ the time in minutes, and Sp 
and S, the concentrations of substrate in millimoles per ml. at zero time 
and time ¢ (Tables I and II). 


I 
Hydrolysis of Acetyl-L-phenylalanyl-.-tyrosine by Crystalline Pepsin at pH 2.0 
Substrate 
— centration Time | Hydrolysis | ¢ kuSo 
mmole per ml.mg..N per ml.| min per cent 
0.0125 | 0.163 | 60 | 63.0 0.99314 | 0.0166 | 0.102 | 0.00127 
| 105 77.0 Ppt 
0.0125 0.65 15 65.7 1.069 0.071 
30 88.0 2.1179 0.071 
45 95.8 3.166 0.071 0.109 0.00136 
(0.105)*| (0.00131) 
0.00625 | 0.164 30 55.5 0.8088 0.027 
60 82.0 1.713 0.0286 | 0.170 0.00106 
0.00625 0.082 30 38.3 0.4823 0.0161 
60 59.0 0.8906 0.0149 
90 78.0 1.5124 0.0167 | 0.194 0.00121 
0.00625 0.328 15 56.5 0.8315 0.0554 
| 30 | 84.0 1.8305 | 0.061 | 0.178 | 0.00112 
| (0.181) | (0.00113) 
0.003 0.095 30 59.0 0.8906 0.0296 
60 79.0 1.5589 0.0260 
105 95.0 2.9924 0.0284 0.295 0.00088 
0.003 0.33 7 49.4 0.6805 0.0975 
10 62.4 0.9771 0.0977 
20 85.5 1.9288 0.0964 0.294 0.00088 
0.003 0.088 10 22.4 0.2533 0.0253 
20 39.0 0.4937 0.0247 
54.3 0.7822 | 0.0261 
| 50 72.0 1.2715 0.0254 0.290 0.00087 
| | (0.293) | (0.00088) 


* The figures in parentheses represent averages. 


The value of the constant k, was found to vary, however, with variation 
in the initial concentration of substrate (Tables I and II). That this varia- 
tion followed a definite law' was shown by the fact that plotting the re- 
ciprocals of the different values of k, along the axis of the ordinate and the 
substrate concentrations along that of the abscissa gave a straight line 


' A similar variation in the value of the constant k, has been observed by investi- 
gators of other enzyme-substrate systems (6-9), who, because of the variation, aban- 
doned the determination of this constant as unreliable and substituted their data in 
the integrated Michaelis-Menten equation. 
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(Fig. 1). The equation for this line is 


ky Ky 


(2) 


1/K, being the intercept on the ordinate and 1/K, the slope of the line. 
Determination of the values of the constants A, and Ke from these graphs 


Tasie Il 
Hydrolysis of N-Acetyl-.-tyrosyl-.-tyrosine by Crystalline Pepsin at pH 2.0 


Substrate 


mmole per perml.| min. | per cont | 
0.025 1.33 9 35.5 0.4380 0.0048 
«60.0 0.9153 0.0051 
| 300 80.0 1.6076 0.0054 0.00384 
0.025 0.65 60 0.1576 0.0026 0.0040 
41.0 Ppt 
| | (0.0039)* (0.000098) 
| 
0.008 | 0.46 | 120 | 39.7 0.50526 0.0042 
| 240 60.7 0.9329 0.0039 
| 360 75.9 1.4214 0.0039 
| 80.0 1.6076 0.0038 


(0.0087) (0.000070) 


8 0.2981 0.0016 
| | 8 0.4743 0.0016 0.0105 
0.00 0.306 140 38.5 0.4856 0.0035 
| | «54.2 0.7800 0.0033 0.0111 
(0.0108) (0.000054) 


0.005 | 0.153 185 25. 


0.0025 0.306 30 11.85 0.1260 0.0042 
| 65 25.6 0.2954 0.0045 
160 49.3 0.6785 0.00425 


(0.0141) (0.000035) 


* The figures in parentheses represent averages. 


gave for acetyl-L-phenylalanyl-L-tyrosine and the pepsin used here, 
K, 0.64, and Ky, 0.0015, and for this pepsin and V-acetyl-L-tyrosyl-L- 
tyrosine, K,; 0.019 and 0.00012. 

Multiplying Equation 2 by 1/So, we find that 


= (3) 
Ke 


This is the equation of a line (Fig. 2) that may be obtained by plotting the 
reciprocals of the initial velocities k,So from Tables I and IT against the 
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reciprocals of the substrate concentrations. This method of plotting the 
data is the equivalent (for low concentrations of substrate) of that used by 
Lineweaver and Burk (10), except that we have plotted here only the 
initial velocities and those for unit enzyme concentration. On comparing 
Equation 3 and the Lineweaver-Burk equation, it was found that, by sub- 


B 
Ys 
28,000 
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12,000 
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Fic. 1. Action of pepsin (crystallized according to Philpot) on acetyl-.-phenyl- 
alanyl-L-tyrosine, Curve A; and N-acetyl-L-tyrosyl-L-tyrosine, Curve B; the recip- 
rocal of the velocity constant k, plotted against the substrate concentration. Scales 
for Curves A and B, respectively, at the left and right of the figure. 

Fig. 2. The action of pepsin (crystallized according to Philpot) on acetyl-L-phenyl- 
alanyl-.-tyrosine (Curve A) and N-acetyl-L-tyrosvl-L-tyrosine (Curve B); the re- 
ciprocal of the initial velocities, k,So, plotted against the reciprocal of the substrate 
concentration. Seales for Curves A and B, respectively, at the left and right sides 
of the figure. 


stituting v, for kSo, V for Ke, and V/K,, for K, in Equation 3, an equation 

was obtained that was identical with the Lineweaver-Burk equation when 
Ka 1 

written for initial velocities. It is therefore evident that the initial veloci- 

ties of these reactions agree with the predictions of the Michaelis-Menten 

theory (11) from which the Lineweaver-Burk equation was obtained, that 

K, is the maximal velocity for unit enzyme concentration or the velocity 
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constant for the decomposition of the enzyme-substrate complex, and that 
K, is the ratio of this constant to the Michaelis constant, A./K,,, or in the 
symbols usually used,? k;/K,,. And since 


it is possible to determine the value of the Michaelis constant for these 
reactions from the values of K, and Kz given above, indirectly therefore, 
from the variation in the value of the constant k,. K,,, so determined for 
this pepsin and acetyl-L-phenylalanyl-L-tyrosine, was found to be 0.0024, 
K,, for this pepsin and N-acety]-L-tyrosyl-L-tyrosine 0.0063. 

By combining Equations 1 and 2, substituting /,/K,, for K, and ky, for 
Ke, and rearranging, we have 


kyet = (K, + So) In (6) 


an equation that shows the course which these reactions follow, whatever 
the concentration of the substrate. This course differs markedly, as will 
be seen® in Fig. 3, from that predicted by the integrated Michaelis-Menten 
equation, and is suggestive of a strong inhibition of the enzyme by one of 
the products of the hydrolysis. Differentiating Equation 6, we obtain 


an equation that is identical with one that was derived by Haldane (13) 
from the Michaelis-Menten equation for inhibition, when he assumed that 
one of the products was inhibiting and had, in addition, an affinity for the 
enzyme which was the same as that of the substrate.‘ 


? From this relationship and the fact, as shown by Briggs and Haldane (12), that 
Ky equals (kz + k;)/ki, we find that K, equals + ky). Therefore, when- 
ever k; is negligibly small in comparison to k;, that is whenever the rate of dissocia- 
tion of the enzyme-substrate complex is very small compared to its rate of decompo- 
sition as it is in reactions going rapidly to completion, A, will equal &,, the velocity 
constant for the combination of the enzyme and substrate. Under all conditions it is 
either this constant or a definite fraction thereof. How large a fraction depends on 
the magnitude of k, compared to k;. The value of this constant, A, as will be seen 
below, is useful in comparing the activities of pepsins from different sources and will 
be given for all the pepsin-substrate systems studied here. 

* The experiments depicted here and all those which deal with the cause of this 
deviation were made with a pepsin crystallized from Parke, Davis pepsin by alcohol. 
They were actually made late in the course of this investigation and thus with a purer 
pepsin than that used heretofore. A description of the properties of this pepsin is 
given laterin the text. A,, for this pepsin was 0.0046, &, 0.0020. 

‘In Equation 7, p stands for the concentration of the enzyme-substrate complex 
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To ascertain whether such an inhibition of the enzyme was responsible 
for the logarithmic course of the reactions being studied here, the follow- 
ing experiments were performed. Tyrosine and acetyl-_-phenylalanine 
were added, singly and together, at the beginning of the hydrolysis of 
acetyl-L-phenylalanyl-L-tyrosine in molar concentrations equaling that of 
the substrate, and the course of the reaction was compared with that of the 
same amount of substrate to which no products were added. Should either 
of these products have an affinity for the enzyme that is the same as that 
of the substrate, we would have under the conditions of these experiments’ 
an inhibition of 23, 32, and 36 per cent, respectively, for 0.002, 0.004, and 


2 4000S Time in minutes 


Fio. 3. Comparison of the actual course of the hydrolysis (Curves A) of acetyl- 
L-phenylalanyl-L-tyrosine by alcohol-crystallized Parke, Davis pepsin with that 
predicted by the integrated Michaelis-Menten equation (Curves B) ; shown for 0.002, 
0.004, and 0.008 mmole substrate per ml. and 0.1 mg. of Pepsin N per ml. 


0.006 mmole of substrate per ml., as can be seen by substituting (S + x) for 
z, and K,, for K, in the Michaelis-Menten equation for inhibition, and com- 
paring the velocity obtained with that found from Equation 7. It was 
actually found that tyrosine had no inhibiting effect whatsoever, while 
that of the acetyl-t-phenylalanine and of the two products together 
amounted to only 5 or 6 per cent (Table II1). Similarly, only a low in- 
hibition was found (approximately 4.5 per cent) when N-acetyl-L-tyrosine 
was added, in the same manner, in the hydrolysis of NV-acetyl-L-tyrosyl-L- 
tyrosine. Inhibition of the enzyme by the products of the hydrolysis 
cannot, therefore, account for the logarithmic course which these reactions 


at time (, kyp for the velocity of the reaction in terms of the appearance of the products, 
while —dS/dt represents the velocity of the reaction in terms of the disappearance of 
the substrate. 
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follow. It is not sufficient, either, to explain the degree of their deviation 
from the course predicted by the integrated Michaelis-Menten equation. 

To ascertain whether a change in the activity of the pepsin during the 
course of the hydrolysis could account, in part, for the course which these 
reactions follow, the hydrolysis of a given amount of acety|-L-phenylalanyl- 
L-tyrosine was carried out by a measured amount of a fresh pepsin solution, 
and then by a sample of the same pepsin which had been incubated at 
37° and pH 2.0 while the other hydrolysis was being run. No appreciable 
difference was found in the rate of these two hydrolyses, k being 0.018 for 
one and 0.0179 for the other. 

It would seem from the above that the course which these reactions 
follow is not explicable on the basis of the Michaelis-Menten theory. Yet 


Tasie Ill 


Effect of Adding Products of Hydrolysis Separately and Together on Velocity 
of Hydrolysis of N by Pepsin 


Sub- | hag Differ 
tration | ttation | tration Without 
| product product 

mmole | mg. N mmole 

per ml. | per mil. per mi. 
0.002 | 0.08 | Acetyl-L-phenylalanine 0.002 0.0098 0.00932 0.00048 4.9 
0.003 | 0.051 “ 0.003 | 0.0056 0.0053 0.0003 5.4 
0.004 | 0.064 “ 0.004 0.0066 0.0062 0.0004! 6.1 
0.004 | 0.064 " 0.004 0.0065 0.0061 0.0004 6.15 

+ tyrosine 


the initial velocities of these reactions, as already shown, accord perfectly 
with the predictions of that theory. In an attempt to reconcile these two 
findings, a new hypothesis was formulated; namely, that an enzyme-sub- 
strate complex is formed which, instead of decomposing with the simultan- 
eous release of the two products of the hydrolysis, decomposes with the 
release of only one product, and the formation of a complex of the enzyme 
and the second product. This enzyme-product complex then decomposes, 
but at a slower rate, freeing the enzyme that was held in it and the second 
product of the hydrolysis. Reactions of this type would be represented by 
the equations, 


E+ ES— P, + EP; (8) 


E+ P; (9) 


According to this scheme the initial velocities would be the same as those 
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of reactions conforming to the Michaelis-Menten scheme, but the hydrol- 
ysis would proceed more slowly since more and more of the enzyme would be 
held, as the hydrolysis progressed, in the enzyme-product complex. Also, 
that which we have previously supposed to be complete hydrolysis (1) 
would be the complete release of the first product only. In the reactions 
studied here this would be the tyrosine, for, as already shown (1), tyrosine 
can be crystallized from the medium in large yield soon after the hydrolysis, 
as measured by the liberation of amino nitrogen, is complete. 

To test this hypothesis the following experiment was performed. A 
measured quantity of acetyl-L-phenylalanyl-L-tyrosine was hydrolyzed at 
37° and pH 2.0. Then, | or 2 hours after the hydrolysis, as measured by 
the release of amino nitrogen, was complete, a second quantity of the sub- 
strate, sufficient to give the same concentration as that in the hydrolysis 
just completed, was added to a measured volume of the experimental solu- 
tion, and the same quantity to an equal volume of the control solution. 
The rates of the hydrolysis of these two equal quantities of substrate were 
then compared. The substrate added to the experimental solution was 
found to be hydrolyzed much more slowly than was that added to the con- 
trol solution, the difference in velocities ranging (for 0.002 to 0.006 mmole 
per ml.) from 17 to 24.5 per cent (Table IV). The greatest difference was 
found with the highest concentration of substrate, as would be expected if 
the reaction followed the scheme of Equations 8 and 9 and an enzyme- 
product complex was formed. Finally, 24 or 48 hours later, when it was 
thought that the enzyme-product complex might be completely decom- 
posed, two more samples of substrate were hydrolyzed at the same concen- 
tration as before, one in a second sample of the original experimental solu- 
tion and the other in a second sample of the original control solution. Here 
it was found that the rate of the hydrolysis in the experimental solution 
differed from that in the control solution by only 5 or 6 per cent; 7.e., by 
just the amount that would be expected from the presence in the medium of 
the products of the original hydrolysis (Table IV). It is evident from these 
experiments that a large part of the pepsin is inactive (presumably, there- 
fore, combined) after the first product of the hydrolysis has been completely 
released, and that the amount so held is comparable to the magnitude of 
the deviations we are trying to explain. It appears, therefore, that the 
hydrolysis of acetyl-L-phenylalanyl-.L-tyrosine is following the scheme of 
Equations 8 and 9 and not that on which the Michaelis-Menten equations 
are based.’ That the release of the enzyme from the enzyme-product 


* Since the completion of this work, the author has been asked whether the devi- 
ation in the course of these reactions might not be due to a contamination of the sub- 
strate by its pt diastereoisomer, which could be inhibiting. As will be seen from a 
description of the compounds, no diastereoisomer was present. Moreover, it has 
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complex is a slow process was shown in an additional experiment (with 
0.006 mmole of substrate per ml.) in which the final hydrolysis was started 
21 hours, instead of 24 hours, after the first product of the hydrolysis had 
been completely formed. In this case the difference between the two hy- 
drolyses was found to be 9.1 per cent instead of the 6.1 per cent previously 
found. 

Theoretical Considerations—The rate at which the enzyme-substrate com- 
plex is formed in reactions conforming to the scheme of Equations 8 and 9 
may be expressed as ki(e — p — q)S;,; that at which it disappears as (k. + 


TaBLe IV 
Hydrolysis of N-Acetyl-L-phenylalanyl-L-tyrosine in Equal Volumes of 
Control and Experimental Solutions of Previous Hydrolysis 


Velocity constant, &, 
Substrate con-| Pepsin con- 1/t log So/St in previous 
centration, centration, Difference 
mmole per mg. N per ml. 
solution 


Experiment 


Difference 
in per cent 


Experimental 


Experiments started 1 to 2 hrs. after complete release of tyrosine 
of previous hydrolysis 


1 0.002 | 0.029 | 0.00385 | 0.0032 
2 0.003 0.058 0.0064 0.0052, 0.0012 18.8 
3 0.000 0.35 0.028 | (0.0211 (0.0069 24.5 


Experiments started 24 to 48 hrs. after complete release of tyrosine 
of previous hydrolysis 


la 0.002 0.029 | 0.0036 0.0034 0.0002 5.5 
2a 0.003 0.058 | 0.0056 0.00533 | 0.003 5.4 
3a 0.006 0.35 0.022 0.0207 | 0.0013 5.9 


k3)p, where ky, ke, k3, e and p have their usual significance, while q is the 
concentration of enzyme present at time ¢ in the enzyme-product complex. 
When dp/dt equals zero, we shall have 


(ke + ki)p = ki(e — p — (10) 
which, upon dividing by k,, substituting K,, for (ke + k3)/ki, and transpos- 


been found that, while it is inhibiting when added to the medium, it would have to be 
present in a concentration equaling that of the substrate in order to cause the degree 
of deviation from the integrated Michaelis-Menten equation observed in these hy- 
drolyses. Also, when it was added to the medium, the inhibition which it caused was 
found to be just as great after 24 hours of incubation with the pepsin at 37° and pH 
2.0 as it was at the beginning. This shows that the pepsin would not be released from 
the pi diastereoisomer in 24 hours, if it were a contaminant of the substrate, as it is 
from the enzyme-substrate complex. 
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ing, becomes 
(Kn + Sip = Si — gs (11) 


From Equation 7, which shows the rate at which the tyrosine is released 
in the reactions studied here, we find that for these reactions 


eS: 
Kn + So 13) 
Replacing Sp by (S,; + x), we have 
eS, 
Rat a) 
whence 
(Kn + Sdp = eSi — xp (14) 


As may be seen from Equation 12, the concentration (p) of enzyme- 
substrate complex is, at all times, directly proportional to the concentration 
of unchanged substrate (S,). Its maximal concentration (p,,) will exist, 
therefore, at the very beginning of the hydrolysis when the substrate con- 
centration is highest; 7.e. 
eSo 


(15) 


The concentration (q) of the enzyme-product complex present at any time 
may be expressed by the equation 


(16) 


where r is the concentration of enzyme that has been freed by the decom- 
position of the enzyme-product complex. Whenever the decomposition of 
the enzyme-product complex is very slow in comparison to that of the 
enzyme-substrate complex, t.e. whenever r is negligibly small in comparison 
to (Pm — pr), We shall have 


q = Pm — Pt (17) 
or 
eS» eS, ex 
Multiplying by 
| eSiz 
qs: K. + Se (19) 


and, replacing RK a x by p, we find that 


= xp (20) 
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If now we substitute gS, for zp in Equation 14, we have 
+ = eSi — (21) 


which is the same as Equation 11, which was derived theoretically on the 
assumption that the reaction followed the scheme of Equations 8 and 9. 
Equation 6, the integrated form of Equation 7 from which Equation 21 
was derived, is, therefore, a theoretically correct expression for reactions 
which follow the scheme of Equations 8 and 9 whenever the rate of de- 
composition of the enzyme-product complex is very small in comparison 
to that of the enzyme-substrate complex. We may conclude, therefore, 
that the reactions studied here do follow the scheme of Equations 8 and 9, 
and also that the rate at which the enzyme-product complex decomposes is 
extremely slow in comparison to the rate at which it is formed. 

Reactions which follow the scheme of Equations 8 and 9, but in which 
the rate of decomposition of the enzyme-product complex is comparable 
to that of the enzyme-substrate complex, will not follow Equation 6. The 
quantity, r, for such a reaction will not be negligible, and Equations 17 to 
21 will not apply. Their velocity would be expressed by the equation 


m 
integration of which gives 
S 
ks(e — g)t = Km In = + (So — S,) (23) 


When q is negligibly small, these equations will reduce to the Michaelis- 
Menten and the integrated Michaelis-Menten equations. The reactions 
which follow the Michaelis-Menten scheme and those of the type studied 
here may, therefore, be considered to be the limiting cases of those follow- 
ing the scheme of Equations 8 and 9, the former as those in which the rate 
of decomposition of the enzyme-product complex is so fast that none of it 
can accumulate or exist, the latter as those in which it is so slow that 
only a negligible amount of the second product is freed while the first prod- 
uct of the reaction is being formed.® 


* If the quantity qis very small, but not small enough to be entirely negligible, the 
reaction will approach in its early stages, especially if the substrate concentration is 
low, the course indicated by the integrated Michaelis-Menten equation. If, on the 
other hand, the quantity (r) is very small but not small enough to be negligible, the 
reaction will follow a course approaching in its early stages, especially if the sub- 
strate concentration is low, that of Equation 6. Approximately correct values for 
the kinetic constants may be obtained in the former case by substituting the readings 
taken in the early stages of the hydrolysis in the integrated Michaelis-Menten equa- 
tion, and in the latter case by substituting the readings obtained in the early stages 
of the hydrolysis either in Equation 2 or Equation 6. 
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It is interesting that Equation 7, and therefore all the other equations 
derived from the data of these experiments, should represent not only 
reactions which follow the scheme of Equations 8 and 9 but also those which 
follow the Michaelis-Menten scheme in which one of the products of the 
hydrolysis has the same affinity for the enzyme as the substrate has. This 
means that, whenever reactions are found which follow a logarithmic course, 
the velocity constant of which varies with variation in the substrate con- 
centration, it is necessary to determine the degree of inhibition of the en- 
zyme by the products in order to know which scheme the reaction is follow- 
ing. In the past it has been assumed that all such reactions were following 
the Michaelis-Menten scheme and that their logarithmic course was due to 
an inhibition of the enzyme by one of the products of the reaction. It 
might be well to reexamine the kinetics of some of these reactions in the light 
of the present findings. 

Some question may arise as to the advisability of using the symbol K,, 
for a reaction that does not follow the Michaelis-Menten scheme. It is 
suggested that, if one wishes to show by the symbol the type of reaction 
in question, the symbols K,,’ and ky’ be used forthe type of reaction studied 
here, thus showing the relationship of the constants to the Michaelis-Men- 
ten theory and at the same time the type of reaction to which the symbol 
applies. 

Kinetic Studies of Various Pepsin Preparations—The Philpot pepsin used 
in the preliminary experiments described above was found by solubility 
tests to contain more than one protein. Pepsin A, on the other hand, has 
been found by Herriott, Desreux, and Northrop (3) to behave in solubility 
tests as a single substance. Some Pepsin A was therefore prepared, and the 
kinetics of its action on acetyl-L-phenylalanyl-.-tyrosine at 37° and pH 
2.0 studied. For determining the values of the kinetic constants of this 
system three different preparations of this pepsin and five different con- 
centrations of the substrate were used. The data obtained, when plotted 
according to Equation 3, gave points falling along a single straight line 
(Fig. 4, Curve A). Ky, was found from this graph to be 0.66, Ky or ky’, 
0.0010, and K,,’ 0.0015. 

In comparing the values of these constants with those found for the 
Philpot pepsin and acetyl-t-phenylalanyl-.-tyrosine, we see that the A, 
values are the same (which probably means that their combining rates 
(cf. (2)) are the same), while Ky, the decomposition rate of the enzyme- 
substrate complex, is greater for the Philpot pepsin than for Pepsin A. 
The contaminant of the Philpot pepsin is not, therefore, an inert protein, 
but a pepsin that is more active than Pepsin A. To see whether this more 
active pepsin, which we shall designate hereafter as Pepsin B, could be 
obtained in a purer state, crystallization by alcohol was tried. Parke, 
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Davis pepsin was used as the starting material, since it was from this source 
that the Philpot pepsin had been prepared. The product obtained after 
two recrystallizations was found to have constant solubility in 0.05 m 
acetate, pH 4.6, 0.5 saturated magnesium sulfate solution (O.41 mg. of N 
per ml.). Its enzyme-substrate decomposition rate, when acting on acetyl- 
L-phenylalanyl-L-tyrosine at 37° and pH 2.0, was found to be 0.0020, its 
K, value 0.43, and K,,’ 0.0046. Its enzyme-substrate decomposition rate 
is thus just twice that found for the corresponding Pepsin A complex. 
Its K,; value is less, however, than that found for Pepsin A and acetyl-.- 


10 


j j i i 
0002 0004 0006 0006 
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Fic. 4. Curve A, the action of Pepsin A on acetyl-_-phenylalanyl-.-tyrosine; the 
reciprocal of the velocity constant, k,, plotted against the substrate concentration. 
Curve B, the action of aleohol-crystallized Parke, Davis pepsin on the same sub- 
strate. 


phenylalanyl-L-tyrosine (0.43 instead of 0.66). This means that it is less 
active than Pepsin A when acting on certain very low concentrations of 
this substrate, but more active than Pepsin A for most concentrations of 
substrate. Just where the transition occurs can be seen in Fig. 4, in which 
the graph for this pepsin has been superimposed upon that for Pepsin A. 

A pepsin obtained from Cudahy pepsin (the source of Pepsin A) by 
alcohol crystallization was found to have a constant solubility of 0.41 mg. 
of N per ml. in 0.05 m acetate, pH 4.6, 0.5 saturated magnesium sulfate 
solution; 7.e., the same as that of the alecohol-crystallized Parke, Davis pep- 
sin. This pepsin, when acting on acetyl-L-phenylalanyl-L-tyrosine at 37° 
and pH 2.0, was found to have a K, value of 0.43, the same as that of the 
alcohol-crystallized Parke, Davis pepsin, but a decomposition rate for its 
enzyme-substrate complex which was the same as that of the Pepsin A, 
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0.0010, and just half that found for the alcohol-crystallized Parke, Davis 
pepsin, K,,’ for this system being 0.0023. The fact that the two alcohol- 
crystallized pepsins had the same K, values, when acting on this substrate 
and identical solubilities, together with the fact that the two pepsins pre- 
pared in aqueous magnesium sulfate solution (Pepsin A and the Philpot 
pepsin) had the same and higher K, values (0.64 and 0.66) and also higher 
solubilities, would seem to indicate that the alcohol used in the preparation 
of the former has changed the pepsin in some way that affects both its solu- 
bility and its combining rate (cf. (2)). It would seem, therefore, that the 
alcohol-crystallized Cudahy pepsin is an altered form of Pepsin A, and the 
aleohol-erystallized Parke, Davis pepsin a similarly altered form of the 
Pepsin B we were hoping to obtain. Confirmation of this supposition by 
a direct transformation of Pepsin A into this alcohol-crystallized pepsin 
has not been attempted as yet. The preparation of pure unchanged Pep- 
sin B also remains to be accomplished. 

Solubility tests, made on the two alcohol-crystallized pepsins in 3.1 m 
sodium chloride solution and in 0.72 m sodium sulfate solution containing 
2.5 times 10-* ~ HSO,, about 2 months after they were first prepared, 
showed the presence in each of them of a very small amount of impurity. 
The shape of the solubility curves obtained was identical with that for a 
single substance, but a slight cloudiness was observed in some of the solu- 
tions that were not saturated. Whether the very insoluble impurity caus- 
ing this was present from the beginning or formed while the pepsins were 
stored cannot be said as yet. 


The author wishes to thank Dr. Emil L. Smith for helpful criticism of 
this work. 


SUMMARY 

The initial velocities in the hydrolysis of acetyl-L-phenylalanyl-L-tyro- 
sine and N-acetyl-.-tyrosyl-.-tyrosine at 37° and pH 2.0 have been found 
to accord perfectly with the predictions of the Michaelis-Menten theory. 
The course which these reactions follow cannot be explained, however, on 
the basis of that theory. 

There is an inhibition of the enzyme by one of the products of the hy- 
drolysis, but it is far too small to account for the logarithmic course of these 
reactions, and no appreciable change in the activity of the pepsin occurs 
during the hydrolysis. 

To explain the course which these reactions follow, a new hypothesis 
was formulated, namely that the enzyme-substrate complex decomposes 
with the release of only one of the products of the hydrolysis and the for- 
mation of a complex of the enzyme and the second product, which also 
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decomposes, but at so slow a rate that no appreciable quantity of the see- 
ond product is released while the first product of the reaction is being 
formed. Experimental and theoretical evidence in support of this hy- 
pothesis has been given. 

The values of the Michaelis constant and the velocity constant for the 
decomposition of the enzyme-substrate complex for the action of Pepsin 
A, a pepsin prepared from Parke, Davis pepsin by the method of Philpot, ( 
alcohol-crystallized Cudahy pepsin, and alcohol-crystallized Parke, Davis 
pepsin, on acetyl-L-phenylalanyl-L-tyrosine at 37° and pH 2.0 have been 
determined. Evidence has thereby been obtained of the existence in 
Parke, Davis pepsin of a pepsin that is more active than Pepsin A. This 
has been called Pepsin B. The pepsin obtained from the Parke, Davis s 
pepsin by alcohol crystallization appears to be a nearly pure but altered h 
form of this Pepsin B. That obtained from Cudahy pepsin appears to be 0 
a similarly altered form of Pepsin A. 0 

a 
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Although the importance of the mucopolysaccharides of the ground 
substance of the connective tissue has been stressed by many biological and 
histochemical studies, little information is available regarding the metab- 
olism of these substances. This can be attributed in part to difficulties in 
obtaining biological material appropriate to metabolic studies, from which 
adequate amounts of mucopolysaccharides can be isolated. 

In 1941, Meyer and Chaffee (1) reported a method for the separation of 
both hyaluronic (HA) and chondroitinsulfurie acid (CSA) from fresh pig 
skin based upon alcohol fractionation of the barium salts. The method is 
inadequate, however, for the complete separation of the two substances. 
The recent publication by Gardell et al. (2) of a procedure for the separation 
of mucopolysaccharides by electrophoresis on a slab of Hyflo Super-Cel 
suggested that the isolation of these compounds in a high state of purity 
might be feasible. 

This report is concerned with the development of methods for the iso- 
lation of the mucopolysaccharides of sufficient analytical purity from the 
skin of individual rabbits to permit metabolic studies. Subsequent reports 
will be concerned with metabolic studies in which these procedures have 
been employed. 


EXPERIMENTAL 


Preparation of Crude Extracta—A\l the animals used were normal adult 
male rabbits of the market variety maintained on standard Rockland rabbit 
chow. They were shaved and skinned immediately after death by air 
embolism. The fresh skin was freed of visible fat, rinsed with cold water, 
and ground twice in an electric meat grinder. It was defatted with ace- 
tone and allowed to dry at room temperature. 

The dried skin was extracted with a 2 per cent solution of NaOH (15 ml. 
per gm. of dry skin) by shaking at room temperature for 24 hours in a 

* Aided by grants from the National Heart Institute, United States Public Health 


Service, Chicago Heart Association, and the Variety Club of Illinois. 
t Established Investigator of the American Heart Association. 
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mechanical shaker. A small amount of thymol was added to prevent 
bacterial contamination. At the end of 24 hours the mixture was strained 
and the extract stored at 4°. The extraction was repeated with one-third 
the original volume of NaOH and the two extracts were pooled. 

The combined extracts were dialyzed against running tap water for 48 
hours and then against distilled water at 4° for 48 to 72 hours, at which 
point the pH of the mixture was 7.8 to 8.0. The extract was incubated 
with crystalline trypsin' (2.5 mg. for each gm. of protein) in cellophane 
casings and was dialyzed simultaneously against 0.1 mM phosphate buffer, 
pH 7.8 to 8.0, at 37° for 5 days. 

At the end of the digestion period, one-third volume of 40 per cent tri- 
chloroacetic acid was added slowly with constant stirring, and the mixture 
allowed to stand at least 30 minutes. After centrifuging, the clear super- 
natant fluid was dialyzed against distilled water at 4° for 72 hours. A 
precipitate which formed during dialysis was removed by centrifugation. 

The dialyzed extract was concentrated on the steam bath to approxi- 
mately a tenth the original volume, and the crude polysaccharides were 
precipitated by the addition of 4 volumes of 95 per cent ethanol in the 
presence of 1 per cent sodium acetate. After 3 days at 4°, the precipitate 
was collected by centrifugation, washed three times with 95 per cent ethanol 
and once with ether, and dried in a vacuum desiccator over paraffin. 

The nitrogen and hexosamine content of the extract was followed 
throughout the stages of purification. The results of such analyses are 
illustrated in Table I. Hexosamine was determined by a modification of 
the method of Elson and Morgan (3). 

Slab Electrophoresis of Crude Polysaccharides—Experiments with rat skin 
mucopolysaccharides (4) indicated that electrophoresis in a slab of Hyflo 
Super-Cel would separate the two fractions with but slight mutual con- 
tamination. The apparatus described by Gardell et al. (2) for the electro- 
phoresis of the acid polysaccharides was modified, therefore, to accom- 
modate 200 to 300 mg. quantities of the crude mixture. This would permit 
the isolation of sufficient material for adequate analyses. 

The supporting medium consisted of Celite analytical filter aid (Johns- 
Mansville), moistened with a solution containing a mixture of 0.09 m 
sodium chloride and 0.01 m sodium phosphate buffer, pH 7.0, saturated with 
thymol as a preservative. The filter aid was packed in an acrylate plastic 
bed, 1 em. deep, 10 em. wide, and 25 em. long, and the crude skin poly- 
saccharide was added by replacing a section 1 em. wide from the center of 
the slab with filter aid moistened with a buffer solution of 200 to 300 mg. of 
the preparation. A potential gradient of 2 volts per cm. with a current of 
100 to 120 ma. was applied across the slab for 24 hours, and water at 30° 


1 The crystallized trypsin was kindly supplied by Armour and Company. 


I 
t 
A 
I 
s 
t 
re 
al 
ti 
ay 
fre 
we 


SCHILLER, MATHEWS, JEFFERSON, LUDOWIEG, DORFMAN 719 


was circulated through a hollow acrylate box above and below the slab, to 
prevent heating. At the end of the 24 hour period the slab was divided 
into strips | em. wide, which were eluted individually with 10 ml. of fresh 
buffer. The eluate from each strip was analyzed for uronic acid by the 
carbazole reaction of Dische (5), and the cuts corresponding to each peak 
were combined, dialyzed, precipitated, and dried as described previously. 

Fig. 1 demonstrates the result of a typical electrophoresis pattern of the 
mucopolysaccharides from rabbit skin. It should be noted that, owing 
to extensive electroosmotic movement of the buffer itself, the HA fraction 
was displaced toward the cathode. In free solution, the fast component 
migrated about 60 per cent faster than the slow component (Fig. 2). If 
it is assumed (6) that the rates of migration in a stabilized electrolyte are 
proportional to the respective mobilities in free solution, it may be esti- 


Taste I 
Purification of Polysaccharides from Acetone-Defatted Rabbit Skin (49 Gm.) 


Fraction Nitrogen Hexosamine 


meg. oe gm. dry skin mg. per gm. dry skin 


Alkali extract. 154.0 2.7 
Dialyzed extract. | 48.6 1.9 
Supernatant following ppta. with trichloroacetic 


Sodium salt of crude . 0.11 | 0.8 


* The crude extract weighed 154. 4 mg. and contained 3. 6 | per ‘cent nitrogen » and 
25.0 per cent hexosamine. 


mated that electroosmosis caused the buffer to be displaced about 26 em. 
to the left of the origin. The net distance of movement, relative to the 
buffer, for the fast and the slow moving components was 32 and 20 ecm., 
respectively. Thus substances of low electrical charge, such as glycogen 
and proteins, were separated from the acid polysaccharides. 

Electrophoretic analysis of the two mucopolysaccharide fractions ob- 
tained by slab electrophoresis was carried out in a Perkin-Elmer Tiselius 
apparatus. The patterns indicated the presence of a single component in 
each of the isolated fractions (Fig. 2). 


Results 


Analysis of Hyaluronic Acid and Chondroitinsulfurie Acid Fractions— 
The results of the chemical analyses of the acid polysaccharides isolated 
from the skin of rabbits are presented in Table II. The absolute values 
were somewhat lower than theory, due probably to retention of moisture 
even after extreme drying (10). A high degree of purity for both the HA 
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and CSA fractions is demonstrated, nevertheless. On the basis of nitrogen 
as 1.00, ratios of 1.00, 0.96, and 1.02 for uronic acid, hexosamine, and acety! 
of the HA were found. Ina similar fashion for the CSA fraction, the ratios 
of uronic acid, hexosamine, acetyl, and sulfur were 0.94, 0.91, 0.94, and 
0.96. 

It should be noted that, while the uronic acid analysis of the CSA frae- 
tion by the manometric CO, method (8) approached theory, the analysis 
by the carbazole reaction (5) was only 37 per cent of theory.” 

In neutral solution, the [a] = —78° for the HA, while the fa]®> = —55° 
for the CSA fraction of rabbit skin. These values agree essentially with 
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Fic. 1. Distribution of uronic acid after slab electrophoresis of rabbit skin poly- 
saccharides. 


those reported by Meyer and Rapport (12) for the corresponding fractions 
from pig and calf skins. 

Identification of Hexosamine of Hyaluronic Acid and Chondroitinsulfurie 
Acid Fraction—Samples of the HA and CSA fractions were each hydrolyzed 
for 8 hours in 4 x HCl. After treating with Norit A, the hydrolysates 
were concentrated in vacuo and the excess HCl was removed by the addi- 
tion of water to the residue and repeated concentration under reduced 
pressure. The respective residues were taken up in 0.3 x HCl! and chro- 
matographed on a column of Dowex 50 according to the method of Gardell 
(13). Analysis of the eluates for hexosamine by a modification of the 
method described by ‘Tracey (14) demonstrated that the hydrolysates of 
the HA and CSA fractions each contained a single peak. The distribution 
of the hexosamine from the HA and CSA hydrolysates corresponded to 


2? Meyer (11) states that the CSA from pig skin differs considerably from cartilage 
CSA in the time-intensity curve of the reaction with carbazole. 
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that of crystalline glucosamine hydrochloride and chondrosamine hydro- 
chloride respectively. 

To facilitate the crystallization of the hexosamine from the hydrolysate 
of the CSA fraction, the appropriate eluates were combined, concentrated 


Fig. 2. Electrophoretic pattern of mucopolysaccharide fractions previously sep- 
arated onaslab. Electrophoresis was carried out at 0°, pll 7.0, and voltage gradient 
3.9 volt em.-' in a Perkin-Elmer Tiselius apparatus. A 1 per cent solution of each 
polysaccharide in 0.39 wu NaCl, 0.01 M phosphate buffer was used. The arrows indi- 
cate the direction of migration for ascending patterns on the left and descending 
patterns on the right. The upper patterns are for HA photographed after 192 min- 
utes. Calculated mobility: ascending (uncorrected) = —7.0 em.? sec.~! volt™; 
descending (uncorrected) = —5.6 see.' volt~'. Lower patterns are for 
CSA after 140 minutes. Caleulated mobility: ascending (uneorreeted) = —11.2 X 
em.? see. ' volt” '; deseending (uncorrected) = —0.7 K em.* see! volt™. 
The patterns show relatively large buffer boundaries on which the starting bound- 
aries obtained from previous photographs are superimposed. 


in vacuo, and rechromatographed with 0.05 ~ HCl on a fresh column of 
Dowex 50. 

The fractions containing the amino sugar of the HA and the CSA were 
each combined, concentrated in vacuo, and the respective hexosamines 
crystallized from acetone. The x-ray diffraction pattern’ of the hexosamine 


* The x-ray diffraction patterns were prepared and analyzed by Dr. Fritz Laves of 
the Universit, of Chicago. 
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Tasie Il 
Chemical Analyses of M ucopolysaccharide F ractions from Rabbit Skin 


Fraction | Nt St N-Acetyl** 

per cent percent per cent per cont per cent per cont per cent 

HA | Theorytt 0 3.49 0 48.4 48.4 44.7 10.72 

8.5 3.18 <0.]1 44.3 46.6 39.0 10.00 
Theory, % 91.1 91.5 06.3 87.2 93.2 

CSA Theorytt 0 2.78 6.37 38.6 38.6 35.6 8.55 

~RCSA-1 11.3 2.75 6.038 35.7 14.3 32.1 7.92 
Theory, % 98.9 04.7 92.5 37.0 92.7 


* Loss at 78° in vacuo over P.O; for 60 hours. All other analytical values in this 
table are corrected for this loss. 

t By the micro-Kjeldahl method. 

t By turbidimetric analysis following Carius combustion (7). 

§ By manometric CO, method (8). 

|| By colorimetric carbazole reaction (5). 

“ By a modification of the Elson and Morgan method (3) following hydrolysis in 
4n~ HCl for 14 hours at 100°. 
** By chromic acid oxidation (9). 
tt Theory for disaccharide repeating unit, CygHeO),NNa. 
tt Theory for disaccharide repeating unit, CyH,gO.NSNag. 


Ill 
Comparison of Action of Testicular and Streptococcal Hyaluronidase on 


Mucopolysaccharides from Different Sources 


Hyaluronidase preparation 
Mucopolysaccharide 
Source Enzyme units 


turbidtly re 
ducing per 


per mi 
Umbilical cord HA Testicular 24 100 
Streptococcal 24 100 
Rabuit skin HA Testicular 
.. Streptococcal 0 
R: skin BA Testicular 15 
Beef lung heparint. . Testicular 1000 0 
Pig gastric polysaccharide 1000 0 
Dt 24 > os 


* Turbidimetric assays were performed as described previously (16, 17). Tur- 
bidity reduction is assumed proportional to the extent of depolymerization by en- 
zyme. 

t The 8-heparin was a gift from Dr. A. Winterstein of F. Hoffmann-La Roche and 
Company, Basel, Switzerland. 

t The polysaccharides 1 and D from pig gastric mucosa were gifts from Dr. H. 
Smith, Experimental Station, Porton, England. 
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crystals from HA agreed with an authentic sample of glucosamine hydro- 
chloride, while that of the crystalline hexosamine from the CSA agreed with 
an authentic sample of chondrosamine hydrochloride from the CSA of 
bovine cartilage. Both patterns agreed with those published by Blix 
et al, (15) for the hydrochloride of glucosamine and chondrosamine. 
Effect of Hyaluronidase—The HA isolated from rabbit skin was found 
to be completely digested by both testicular and streptococcal hyaluroni- 
dase (Table III). The CSA fraction, however, was resistant. to the action 
of the hyaluronidase from streptococci, but was attacked some 30 per cent 
by the testicular enzyme. Table III includes also, for comparison, the 
effect of testicular hyaluronidase on acid polysaccharides with chemical 
analyses similar to those of the CSA from skin and cartilage. It will be 
noted that the 8-heparin of Marbet and Winterstein (18) and the poly- 
saccharide B isolated from pig gastric mucosa by Smith and Gallop (19) 
are not affected by the testicular enzyme, while the enzyme acts similarly 
on polysaccharide D (19) from pig gastric mucosa and on cartilage CSA. 


DISCUSSION 


The need for an adequate method for the isolation of the mucopoly- 
saccharides from the ground substance of connective tissue has long been 
recognized. Gardell et al. (2) demonstrated two components in an extract 
of the mucopolysaccharides of pig skin, both moving toward the anode 
when subjected to slab electrophoresis in 0.1 mM acetate buffer, pH 4.7. 
No chemical analyses of the fractions were undertaken. The same tech- 
nique was applied subsequently by Bostrém and Gardell (4) to the separa- 
tion of the acid polysaccharides from rat skin. In their report chemical 
analyses of the two components were limited to those of sulfur and hexos- 
amine, both of which were considerably below theory for CSA. 

With the HA fraction displaced toward the cathode in the system as 
described in the present communication, the two mucopolysaccharide frac- 
tions migrated in opposite directions. ‘Tailing’’ by the faster moving 
component did not contaminate the slower component. Complete chemi- 
cal analyses of the skin HA and CSA fractions demonstrated a high degree 
of purity. 

No claim is made for a quantitative recovery of the mucopolysaccharides 
from the skin since the purpose of the investigation was the isolation of 
analytically pure compounds rather than the exact measurement of the 
amount present. Furthermore, no claim is made that the acid polysac- 
charides were isolated in their highly polymerized native state. 

The HA isolated from rabbit skin behaved in all respects like that from 
umbilical cord. The CSA from skin differed, however, from that of carti- 
lage. This difference has been observed by Meyer and his collaborators 
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(1, 12). That the CSA from rabbit skin is attacked some 30 per cent by 
testicular hyaluronidase is at variance, however, with the publication of 
Meyer and Rapport (12), who reported that the CSA isolated from pig 
skin is resistant to testicular hyaluronidase. 

The low carbazole values for uronic acid obtained with the rabbit skin 
CSA fraction are of interest. Others have reported a similar finding for 
sulfated polysaccharides, notably 8-heparin from beef lung (18) and poly- 
saccharide B from pig gastric mucosa (19), both of which appear to be 
chemically similar to the CSA from skin and cartilage. 

The possibility that two different sulfated mucopolysaccharides with the 
same chemical composition are present in skin must be considered. The 
isolation of two polysaccharides, analytically similar but enzymatically 
distinguishable, from beef lung (16) and from pig gastric mucosa (17), 
lends support to such a possibility and requires further investigation. 


SUMMARY 


A method is described for the isolation of hyaluronic acid (HA) and a 
chondroitinsulfurie acid (CSA) fraction in a high state of purity from the 
skin of rabbits. 

The HA from skin appeared to be identical with that from umbilical 
cord. The CSA from skin differed from that of cartilage in its specific 
rotation, color reaction with carbazole for uronic acid, and as a substrate 
for testicular hyaluronidase. It is postulated that the CSA fraction from 
skin is a mixture of two sulfated polysaccharides. 
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Ehrensvird and coworkers (1-4) have investigated the biosynthesis of 
the benzene ring of tyrosine in various microorganisms grown on isotopi- 
cally labeled acetate as the only source of carbon. These studies have been 
interpreted as suggesting that 3 consecutive carbon atoms (Cy, Css), Ceca) 
of the benzene ring had an ultimate origin in the carboxy! carbon atom of 
acetate (3, 5). Because of the symmetrical nature of tyrosine, the origin 
of the individual carbon atoms of the 3,5 and 2,6 pairs could not be de- 
termined. Consequently, it was not possible to establish definitely the 
labeling sequence in the benzene ring. Since tryptophan is asymmetric, 
the degradation method reported here allows the determination of the la- 
beling sequence in the benzene ring of tryptophan. The biosynthesis of 
both tyrosine and tryptophan appears to be related to the réle of the 
C;-hydroaromatic acids, shikimie and quinic acids (6-9). A comparison of 
the labeling patterns in the benzene rings of these two amino acids may 
reveal a possible common origin. It may also be possible to make some 
decision as to the actual labeling sequence in tyrosine as well as provide in- 
formation on the pathway of tryptophan biosynthesis. 


EXPERIMENTAL 


Cultivation of Bacteria—The ideal microorganism for the experiment 
would have been a strain of Escherichia coli that did not form indole and 
would grow reasonably well on a medium containing acetic acid as the sole 
source of carbon. As these criteria were not met by any of the large num- 
ber of strains of FE. coli tested, other members of the tribe Eschericheae were 


* Postdoctorate Research Fellow of the National Institutes of Health, United 
States Public Health Service, at the Wenner-Gren Institute during a portion of this 
investigation. 
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tried. The strain eventually chosen was isolated from feces and had an 
aerogenous type of metabolism, forming acetoin and giving a negative 
methyl red test. This strain originally utilized acetic acid rather slowly. 
However, subcultivation for approximately 2 weeks materially increased 
the capacity to utilize acetic acid. 

The synthetic medium of Cutinelli ef al. (10) (5000 ml.) was inoculated 
with bacteria grown overnight on ten agar slants. The culture was incu- 
bated, with moderate aeration (3000 ml. per minute), for 60 hours at 37°. 
This culture was used to inoculate a 100 liter Pyrex flask containing 70 
liters of the synthetic medium previously sterilized by tyndallization. The 
Pyrex flask was equipped with a porous aeration plate and a rotating stirrer 
with a liquid seal. This cultivation was allowed to proceed for 1 week at 
37°. The number of bacteria increased during this period from 10° per 
ml. to 5.1 &K 10° per ml. The initial pH was 6.9 and was adjusted once a 
day with approximately 300 ml. of N acetic acid. The total acetic acid 
added was 2120 ml. In this manner the pH was maintained at between 
7 and 8. Centrifugation of this culture yielded 180 gm. of wet bacteria. 
The wet bacteria were resuspended in 200 ml. of physiological saline and 
used for inoculating 60 liters of the synthetic medium in the Pyrex flask. 
This medium was preheated to 37° and had previously been sterilized by 
being autoclaved in Erlenmeyer flasks. The acetate-1-C' (105 gm. con- 
taining 60,000 c.p.m. per mg. of C) was added in 1000 ml. of water. The 
cultivation proceeded 22.5 hours without further addition of acetate. The 
number of bacteria rose from 3.8 per 10° per ml. immediately after inocula- 
tion to 5.9 K 10° per ml. at the termination of the cultivation. During 
the cultivation, the rubber stopper closing the flask was sealed with paraffin 
and the air pressure over the culture carefully controlled so as to insure the 
efficiency of the liquid paraffin seal around the axis of the stirrer. The 
bacteria were isolated by centrifugation in a Sharples centrifuge and washed 
three times each with water, absolute ethanol, and ether. The yield of 
dry bacterial substance was 32 gm. 

Isolation of Tryptophan—The bacterial material (31.6 gm.) was hydro- 
lyzed at 110° for 26 hours with 293.5 gm. of Ba(OH).-8H,.O in 305 ml. of 
distilled water. The hydrolysate was treated as described by Cox and 
King (11) to the stage at which a butanol extract of tryptophan is obtained. 
This extract was taken to dryness tn vacuo at 50° with addition of water to 
remove all the butanol. A brownish, amorphous residue was obtained 
which weighed 150 mg. and contained 2462 ¢.p.m. per mg. of C. This 
residue plus 300 mg. of unlabeled pL-tryptophan was dissolved in 10 ml. of 
distilled water warmed to 50°. <A solution of azobenzene-4-sulfonic acid 
(1.5 gm. in 5 ml. of water) (12) at 40° was added to the warmed tryptophan 
solution. This solution was allowed to stand overnight at 0°. The yellow, 
semicrystalline precipitate of tryptophan-azobenzene-4-sulfonic — acid 
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(TABS) was isolated by filtration, washed with water, and dried in vacuo 
over concentrated sulfuric acid. A second crop of TABS was obtained 
from the same solution and treated in the same manner as the first precipi- 
tate. Both crops of TABS were separately recrystallized from water at 
50°, giving products with activities of 970 and 771 ¢.p.m. per mg. of C, 
respectively. Both crops of TABS were combined and again recrystallized. 
The yield of TABS was 650 mg., with an activity of 950 ¢.p.m. per mg. of 
C. This TABS (630 mg.) was dissolved in 10 ml. of water at 50°, and 1.3 
gm. of lead acetate in 10 ml. of water at 50° were added. The lead salt of 
the sulfonic acid was allowed to stand overnight at 0°, after which it was 
removed by filtration and washed with water. The solution was treated 
with H.S, filtered to remove PbS, treated with Norit, and filtered once 
more. The total volume at this point was approximately 30 ml. In this 
nearly colorless solution, 1750 mg. of unlabeled p.L-tryptophan were dis- 
solved at 90°. 40 ml. of absolute ethanol were added, and the solution 
was stored at 0° for the crystallization of tryptophan. The yield of dry 
tryptophan was 1620 mg., with an activity of 350 ¢.p.m. per mg. of C. 
This, plus an additional 1500 mg. of unlabeled pL-tryptophan, was dissolved 
in the smallest possible volume of water and precipitated by addition of 
2 volumes of absolute ethanol. The yield of dry tryptophan was 2312 
mg., With an activity of 206 c.p.m. per mg. of C. Chromatographic anal- 
ysis of this product on filter paper revealed no traces of other amino acids. 

Degradation Procedure—In all cases the individual carbon atoms or 
groups of carbon atoms were converted to carbon dioxide and isolated as 
barium carbonate. The isotope concentration of the barium carbonate 
preparations will in all subsequent calculations be designated as Ceooun, 
Ca, Cs, Cs, Cs,7, ete., the suffixes indicating the original positions of the 
carbon atoms in the tryptophan molecule. Two or more suffixes indicate 
that the measured isotope concentration is the mean value of the isotope 
concentrations of each of the carbon atoms in the positions indicated. Fig. 
| presents a scheme for the general outline of the degradation method. 
The enumeration of the carbon atoms is arbitrary. 

The carboxy! carbon of tryptophan was readily determined by treatment 
with ninhydrin according to the method of Van Slyke et al. (13). The 
evolved carbon dioxide was collected and analyzed as barium carbonate. 
The value for C, was obtained indirectly by conversion of the main part of 
the tryptophan to 5-nitroso-8-hydroxyquinoline (V). A sample of this, 
converted to carbon dioxide, gave the average isotope content of Crings 4 3. 
This, together with the average for the whole tryptophan molecule obtained 
by total combustion and the value for Ccoon, allowed the calculation of the 
value for 


Ca = 11C — 9Crings + 8- Cooon 
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The mean value for Cs; was obtained from the tribromonitromethane 
(VII) produced in the reaction of 5,7-dinitro-8-hydroxyquinoline (VI) 
with barium hypobromite. C; was calculated from the values obtained 
by decarboxylation of nicotinic acid (IX), which gives Cs, and the value 
for Cs,7 obtained above. 


C; = — Cs 
The value for C. was obtained by 
= 9Crings + (V-VIID and Cy = — C; 


The value for the pyrrole ring (C2349) was calculated from the values for 
Cs and pyridine (X) 
4Co.3.4.9 = 8.2.4.9 Cs 


Other methods of calculation are possible. These are indicated in Table I. 

Indole-3-aldehyde (I) —The method of Hopkins and Cole (14) gives rather 
low yields of indolealdehyde from tryptophan, probably due to the de- 
struction of the aldehyde by FeCl. The following modification increases 
the yield from the 20 per cent obtained by the Hopkins-Cole method to 70 
per cent. About 250 mg. of the isolated tryptophan were dissolved in 250 
ml. of hot water in a 400 ml. round bottom flask heated in a water bath at 
80°. A tube with a fused porous glass plate at the far end was fitted into 
the flask to form part of an extraction arrangement. A flow of xylene 
(regulated by a stop-cock) was passed through the tube and the porous plate 
at the bottom of the flask. The xylene flowed up through the water phase 
and to a receiver. This stream of xylene continuously removed any in- 
dolealdehyde formed from tryptophan during the oxidation. The oxida- 
tion was effected by dropwise addition of 100 ml. of 5 per cent aqueous 
FeCl; at the rate of 30 to 35 ml. per hour through a dropping funnel fixed 
into the flask. Addition of FeCl; was completed in 3 hours. During the 
oxidation, xylene passed through the reaction mixture at a rate of approxi- 
mately 60 ml. per minute. The xylene flowing into the receiver was drawn 
into a 3 liter round bottom flask and concentrated at reduced pressure. 
The distilled xylene was returned to the container of the extraction unit. 
‘In this way, xylene continuously passed through the reaction mixture at 
ordinary pressure at a temperature of approximately 75° and was con- 
centrated at reduced pressure at a temperature not exceeding 55°. After 
33 hours extraction, the xylene was concentrated to dryness and the residue 
carefully dissolved in dry ether, filtered to remove some iron hydroxide, and 
taken to dryness in vacuo. The yield of indole-3-aldehyde was 125 to 135 
mg., approximately 70 per cent, m.p. 193-198°. No change in melting 
point was observed after the product was mixed with an authentic sample 
(15, 16). It is advisable, in working with larger amounts of tryptophan, 
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to perform the oxidation in 250 mg. batches instead of working up larger 
quantities. In the latter case, the yield falls to 40 per cent. 

A sample of the aldehyde (25 mg.) was oxidized to indole-3-carboxylic 
acid (Il) according to the method of Ellinger (15). The indolecarboxylic 
acid (m.p. 215°) was decarboxylated at 260°, giving the carboxyl (Cz of 
tryptophan) as carbon dioxide. 

The degradation method to this point was checked with a sample of 
tryptophan-8-C"; the results confirmed the procedure. 


CHs-CH ~COOH Combustion a a 
Ninhydrin 
8 


+ 7 
NO 
PSN (wr) 
(zm) (x) 
> 


Fia. 1. Degradation of tryptophan 


Conversion of Indole-3-aldehyde (1) to Quinoline (IV )—From five previous 
oxidations, approximately 625 mg. of indolealdehyde were dissolved in 5 
ml. of 95 per cent ethanol and cooled to 5°. A cold solution of 225 mg. of 
hydroxylamine in 3 ml. of absolute ethanol (prepared by addition of a 
calculated amount of metallic sodium to the ethanolic suspension of hy- 
droxylamine hydrochloride and removal of NaCl) was carefully added. 
After the solution was heated on a water bath for 30 minutes, 10 ml. of 
water were added and most of the ethanol removed by distillation in vacuo. 
The turbid mixture was allowed to erystallize overnight at 2-3°. The 
yield of indole-3-aldehyde oxime was 670 mg. (97 per cent); melting point 
197-198°, as previously reported (17, 18). The melting point of a mixture 
with an authentic sample was undepressed. 

To a solution of 650 mg. of oxime dissolved in 5 ml. of absolute ether 
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cooled to —40° was added, with stirring, a solution containing 200 mg. of 
lithium aluminum hydride dissolved in 10 ml. of absolute ether. After 
the mixture was allowed to stand for 20 minutes at —40°, 10 ml. of water 
were cautiously added, followed by 2 ml. of 10 N NaOH. Indole-3-methy!- 
amine (III) was isolated from the ether phase. Yield, 520 mg. (90 per 
cent), m.p. 82-83°, reported 84° (17, 18). 

A calculated amount of sulfuric acid was added to a 50 per cent (volume 
per volume) ethanol-water solution of the amine (520 mg. in 5 ml.) to con- 
vert the free amine to the amine sulfate. A chilled solution of 0.4 gm. of 
BaCl,-2H,0 and 0.5 gm. of AgNOz in 5 ml. of water was added with stirring 
to the amine sulfate solution cooled to 0°. The solution was allowed to 
reach room temperature (about 25°) and stand for 30 minutes to complete 
the reaction. After steam distillation the residue was made alkaline with 
NaOH and steam-distilled once more. Quinoline was recovered from the 
distillate as the picrate. The yield of quinoline picrate was 1.02 gm. (78 
per cent), m.p. 200—-203°. The melting point of a mixture with an authentic 
sample of quinoline piceate was undepressed. 

5-Nitroso-8-hydroxyquinoline (V)—To approximately | gm. of quinoline 
picrate suspended in water were added 5 ml. of 6 N NaOH, and the mixture 
was steam-distilled. The distillate was made slightly acid with HCI and 
taken to dryness in vacuo. 2 ml. of fuming sulfuric acid (30 per cent SO,) 
were added to the dry quinoline hydrochloride. The mixture was heated 
1 hour at 170°, cooled, and 5 gm. of crushed ice were added (19). Quino- 
line-8-sulfonic acid crystallized and was collected and washed twice with 2 
ml. portions of ice water. The product was dried at 50°. The substance 
was identified and purified as the sodium 8-quinoline-sulfonate picrate 
(m.p. 226-227°, decomposition) as described by MecCasland (20). The 
yield of quinoline-8-sulfonic acid regenerated from the above picrate was 
425 mg. (73 per cent). 

The sulfonic acid (425 mg.) was placed in a graphite crucible between a 
layer of 700 mg. of KOH and a layer of 700 mg. of NaOH. 0.1 ml. of water 
was then added. The mixture was slowly heated to melting and kept at 
240° for 1 hour. The contents of the crucible were dissolved in 20 ml. of 
water and cooled to0°. Then 150 mg. of NaNO+s were added, and the solu- 
tion was made acid with acetic acid. The 5-nitroso-8-hydroxyquinoline 
(V) was separated by filtration, washed twice with 2 ml. portions of ice 
water, and dried at 50°. Yield, 280 mg. (95 per cent). The identity of 
the compound was determined by oxidizing a sample to the corresponding 
nitro compound by the method of von Kostanecki (21). The nitro com- 
pound had a melting point of 176-177°, undepressed by admixture with an 
authentic sample of 5-nitro-8-hydroxyquinoline of m.p. 178°. Combustion 
of this compound gives the mean values for ring carbons plus the Cy of tryp- 
tophan. 


method of Sucharda (22). 


5NO-S-OH.- 


| Quinolinic 


Il Nicotinic acid 
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Quinolinic (VIII) and Nicotinic Acids (1X)—Quinolinic acid was pre- 


Taste I 
Determined and Calculated Isotope Content of Degradation Products of Tryptophan 


pared by treating 150 mg. of 5-nitroso-8-hydroxyquinoline according to the 
Yield, 140 mg. (95 per cent) of quinoliniec acid, 


and Isotope Content of Individual Carbon Atoms of Tryptophan Structure 


Compeound® Reaction 

\ Tryptophan Combustion Allt 

B Decarboxyla- COOH 
tion | 

C a 

Indole-3-car- Decarboxyla- 8 


boxylie acid tion 
(II) 
Combustion 


quinoline (V) 


acid (VIII) 
Decarboxyla- 8 
tion 
Combustion 2-5,9,8t 
(IX) | 
Decarboxyla- 5 
tion 


Pyridine (X) Combustion 2-4,9,8t 


K 5,7-Di-NO,;8-  Bromopicrin 5,7t 


OH -quinoline 
(VI) 
6,7 
M 7 
2-4,97 
* See Fig. 1. 


t Mean values for each. 


| 


2-5,8,9.8f 91 


per me. C 
Caleulations, based on series 
Deter- Caleu- 
mined lated 
206 28 See Table Il 
| 6 NA-—9E-B 
49 | 
186 + 2L)/9 
(J + 1+ G)/7 
22' 7F — 6H 
2 I 
106 + 21/6 
OGG FE G)/6 
225 226 6H — 
24 7F —G J 
78 (GF 1D/5 
82 40+ D)/5 
390 JI —- G — N)/2 
519 (9k — 7F)/2 
555 2K — I 
483 
482 9F — G — J — 2K 


(J — D)/4 


m.p. 190°, decomposing at 195° and giving nicotinic acid, m.p. 235-237° 
(reported, 190°, 195°, and 235-237°, respectively). 
linie acid (VIII) gives the mean values for tryptophan carbon atoms Cy, 
Cs, Cs, Cy, C's, Cs, and C>. 

The decarboxylation of quinolinic acid was carried out by heating it to 


Combustion of quino- 
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220° and sweeping out the carbon dioxide (Cs) with a stream of nitrogen. 
The resulting nicotinic acid (IX) was decarboxylated according to the 
method of Heidelberger et al. (23). This carbon dioxide corresponds to 
C, of tryptophan. The resulting pyridine (X) was isolated and converted 
to carbon dioxide to obtain the mean values for Cs, C2, Cs, C4, and Cy. 

5 ,7-Dinitro-8-hydroryquinoline (VI)—This compound was obtained in 
quantitative yield by direct nitration of 5-nitroso-8-hydroxyquinoline with 
60 per cent fuming nitric acid (10); melting point 271-273°, with decompo- 
sition, as reported. 


Taste Il 


Compiled Values for Isotope Distribution in Tryptophan from A. aerogenes 
Grown on Acetate-1-C™ 


Carbon atom* C%, ¢.p.m. per mg. C Per cent of total activity 
COOH 586 25.6 
a 6 0.2 
49 2.1 
5 225 9.8 
6 483 21.1 
7 555 24.3 
8 22 1.0 
2,3,4,9 360 15.8 


"* See Fig. 1 for numbering of the carbon atoms 


Tribromonitromethane (Bromopicrin) (VII) from 4 ,7-Dinitro-8-hydrory- 
quinoline—The dinitro compound (100 mg.) was heated with an excess of 
barium hypobromite as described for the corresponding reaction with 
3 ,5-dinitro-4-hydroxybenzoic acid (1). The resulting bromopicrin of 
tryptophan) was immediately converted to carbon dioxide. The results of 
isotope determinations of the various carbon atoms of tryptophan are pre- 
sented in Tables I and IT. 


DISCUSSION 


Before discussing the biochemical significance of the results obtained 
from the degradation of tryptophan, a critical examination of the degrada- 
tion procedure is warranted. 

While the degradation method offers no serious technical difficulties and 
may be carried out with a minimum of 700 mg. of tryptophan, it is advis- 
able to perform several trial runs before attempting an experimental run. 
It is our practice to carry out any given reaction on an unlabeled compound 
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just prior to performing the reaction on labeled material. This checks the 
conditions for the reactions as well as the reagents involved. The reduc- 
tion of indole aldehyde oxime to indolemethylamine and the rearrangement 
of the amine to quinoline are especially sensitive to small changes in con- 
ditions. 

It is of extreme importance for the quinoline-8-sulfonic acid to be com- 
pletely free from the quinoline-5-sulfonic acid. If any of the latter is 
present, it will be converted via the subsequent procedure to 5-hydroxy- 
6 ,8-dinitroquinoline which will, by treatment with hypobromite, give bro- 
mopicrin corresponding to C.,.5. This would invalidate the results obtained 
for Cs,7 from the bromopicrin split of 5,7-dinitro-8-hydroxyquinoline. 

With regard to the over-all validity of the degradation method, it may be 
seen in Table I that the calculated values for the different carbon atoms 
agree well with those obtained by direct determination. The only excep- 
tion is Cs in which the value determined directly does not agree with the 
calculated values. There appears to be a contamination from some other 
source. This is not serious, as Cy obviously is not derived from the acetate 
carboxyl. The validity of the degradation method is further substantiated 
by the observation that the calculated value for tryptophan, derived from 
individual carbon atoms (Table I, Series B, C, D, G, I, M, N, and O), 
agrees well with the value obtained by total combustion (Series A). 

The distribution of isotope in the benzene ring of tryptophan (Tables I 
and II) indicates that 3 consecutive carbon atoms had an ultimate origin 
from the carboxyl group of acetate (Cs, Cs, and C;). It is difficult to rec- 
oncile this labeling pattern with the direct utilization of acetate as such. 
Even if it is assumed that carboxyl-labeled acetate is converted to a 3,4- 
labeled hexose, it is clear that 1 hexose molecule could not give rise to the 
benzene ring of tryptophan labeled in three consecutive positions from the 
carboxyl of acetate. In the case of tyrosine (3,5), which may have three 
consecutive labelings from the acetate carboxyl, it has been proposed that 
2 hexose molecules are involved as a source of a C; and a C, fragment for 
the formation of an alicyclic C; structure. If the C, fragment were de- 
rived from glucose atoms 1, 2, 3, or 4 or 6, 5, 4 or 3, the labeling sequence 
would be C®—C"™—C™"—C™_ Condensation of this with a C; fragment 
labeled C'—C"™—C" would give a C; structure with three consecutive 
labelings Cyclization of this be- 
tween positions | and 6, followed by aromatization, would yield an aromatic 
ring with 3 consecutive carbons having an ultimate origin from the acetate 
carboxyl group. Comparison of tryptophan and tyrosine with regard to 
this suggests that carbon atoms 5, 6, and 7 of tryptophan may have the 
same origin as carbon atoms 6(2), 5(3), and 4 of tyrosine. The tyrosine 
from the cultivation reported here has been isolated and degraded. The 
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details of this will be reported later. However, it was found in spite of the 
difficulties of accurately determining the relative dilutions of the tyrosine 
and the tryptophan during their isolation that the supposedly related car- 
bon atoms of these two amino acids had essentially the same activities from 
acetate. Tryptophan carbons 5, 6, and 7 Wad 1.7, 3.5, and 4 per cent, re- 
spectively, of the activity of the acetate. In tyrosine, carbons 6(2), 5(3), 
and 4 had 2.6, 3.7, and 4 per cent of the activity of the acetate. This would 
suggest that 3 consecutive carbon atoms of tyrosine may have an origin 
from the carboxy! of acetate and have a common origin with tryptophan 
carbons 5, 6, and 7. 

At the present time the distribution of labeling in the pyrrole ring of 
tryptophan is unknown. It appears that 1 or possibly 2 of carbon atoms 
2,3, 4, and 9 may be labeled from the acetate carboxyl carbon. A degrada- 
tion method for the pyrrole portion of tryptophan has been developed and 
will be the subject of a future communication. 

The labeling of the tryptophan side chain is in agreement with the 
labeling found in serine from £. coli cultivated under the same conditions 
(1) and is consistent with the indole-serine condensation demonstrated in 
microorganisms (24, 25). 

Additional experiments with specifically labeled glucoses are now in prog- 
ress. These are directed towards more definitely establishing the origin 
of the various carbon atoms of tryptophan. 


SUMMARY 


1. Aerobacter aerogenes has been cultivated on a large scale on acetate- 
1-C" as the only source of carbon. Tryptophan was isolated from an 
alkaline hydrolysate, the purification procedure involving the recrystalliza- 
tion of tryptophan-azobenzene-4-sulfonate. 

2. A degradation method for tryptophan has been described which allows 
the isolation of various carbon atoms as COs. 

3. The isotope derived from the acetate carboxy! was found to be localized 
in 3 consecutive carbon atoms of the benzene ring of tryptophan. 1 or 2 
carbon atoms of the pyrrole ring are derived from the carboxyl group of 
acetate. In the 3-carbon side chain of tryptophan the isotope is limited 
to the carboxyl! carbon. 
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ENZYMATIC PHOSPHORYLATION OF ACETATE* 


By IRWIN A. ROSE,f MARIANNE GRUNBERG-MANAGO,}{ SAUL R. 
KOREY,§ ann SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, July 13, 1954) 


The metabolic utilization of acetate (oxidation via the citric acid cycle, 
synthesis of higher fatty acids, cholesterol, and possibly other compounds) 
requires a preliminary activation through conversion to acetyl CoA.' Two 
main mechanisms are known to bring about this activation (2). One of 
these mechanisms, utilized by animal tissues, yeast, and some bacteria, 
seems to involve a single enzyme, usually referred to as the acetate activat- 
ing enzyme, catalyzing the reversible conversion of ATP, acetate, and CoA 
to AMP, PP, and acetyl CoA (3-5). The other mechanism, which appears 
to be restricted to bacteria,? involves two enzymes, acetokinase (7) and 
transacetylase (8), catalyzing Reactions 1 and 2 respectively. The net 
result is Reaction 3. 

A reversible reaction between ATP and acetate was first described by 
Lipmann in extracts of Lactobacillus delbrueckii (9) and later by Stadtman 
and Barker in extracts of Clostridium kluyvert (10). The formation of 


* Aided by grants from the National Institutes of Health, United States Public 
Health Service, the American Cancer Society (recommended by the Committee on 
Growth of the National Research Council), and by a contract (N6éonr279, T. O. 6) 
between the Office of Naval Research and New York University College of Medicine. 
A preliminary report of this work has appeared (1). 

t Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, Yale University School of Medicine, New Haven, 
Connecticut. 

t Fellow, Centre National de la Recherche Scientifique, France. 

§ Fellow of the Rockefeller Foundation. Present address, Department of Medi- 
cine, School of Medicine, Western Reserve University, Cleveland, Ohio. 

' The following abbreviations are used: ATP and ADP, adenosine tri- and diphos- 
phate; AMP, adenosine-5’-monophosphate; ITP and IDP, inosinetri- and diphos- 
phate; GTP, guanosine triphosphate; DPN* and DPNH, oxidized and reduced di- 
phosphopyridine nucleotide; CoA, HS-CoA, or CoA-SH, coenzyme A (reduced); 
acetyl CoA or acetyl-S-CoA, S-acetyl coenzyme A; acetyl and propiony! P, acetyl and 
propiony! phosphate; PP, pyrophosphate; GSH, reduced glutathione; Tris, tris(hy- 
droxymethyl)aminomethane. The enzyme phosphotransacetylase is referred to as 
transacetylase and the chelating agent ethylenediaminetetraacetic acid as Versene. 

* In Clostridium kluyveri, acety! CoA can also be formed by transfer of CoA to ace- 
tate from certain S-acyl CoA derivatives of fatty acids such as propionyl and butyryl 
CoA (6). 
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(Mg**) 
(1) ATP + acetate —=———=— ADP + acetyl! P (acetokinase) 


(2) Acetyl P + HS-CoA = acetyl-S-CoA + P (transacetylase) 


(Mg**) | 
(3) Net reaction, ATV? + acetate + HS-CoA —=—=— 


ADP + P + acetyl-S-CoA 


acetyl P from ATP and acetate in Escherichia coli extracts was first ob- 
served by Kaplan and Lipmann (11). 

Highly active preparations of acetokinase have now been obtained both 
from Streptococcus hemolyticus and E. coli. The present paper is concerned 
with the purification of the enzyme and a study of its properties and 
distribution. Among other properties, substrate specificity, metal require- 
ment, inhibitors, equilibrium, and the coupling of acetokinase with trans- 
acetylase and condensing enzyme are described. Partially purified aceto- 
kinase can be utilized for the quantitative determination of acetate in 
amounts above 0.5 umole. 


Isolation of E. coli Enzyme 


The specific activity of acetokinase in /. coli extracts is about 10 times 
higher than in those of S. hemolyticus, and the enzyme has been purified 
to a much greater extent from the former source than from the latter. 
Only the preparation of acetokinase from £. coli will be described in detail. 

Assay—The standard assay measures the rate of the forward reaction 
(ATP and acetate as initial reactants) in the presence of hydroxylamine. 
The latter compound reacts with acetyl P to give orthophosphate and 
acethydroxamic acid which is determined by the method of Lipmann and 
Tuttle (12). As will be noted later, the equilibrium position of Reaction 
1 markedly favors the direction to the left, but, in the presence of hy- 
droxylamine, the reaction is shifted to the right through removal of acetyl 
P and proceeds readily in this direction. The reaction mixture contains 
the following components (in micromoles): Tris buffer, pH 7.4, 50; MgCh, 
10; potassium acetate, 800; ATP, 10; hydroxylamine, 700; enzyme (up to 
1.5 units); and water to a final volume of 1.0 ml. A 2.0 ™ solution of 
hydroxylamine is prepared before use by mixing equal volumes of 4.0 m 
NH,OH-HC1 and 2.0 x KOH. The reaction is started by addition of the 
enzyme and stopped, after incubation for 2 or more minutes at 29°, by 
addition of 1.0 ml. of 10 per cent trichloroacetic acid. The enzyme is kept 
in 0.1 M potassium phosphate buffer, pH 7.4, containing 0.005 m L-cysteine 
(hereinafter referred to as phosphate-cysteine), and dilutions are made with 
the same solution. 1 unit is defined as the amount of enzyme catalyzing 
the formation of 1.0 ymole of acethydroxamic acid per minute. Under the 
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above conditions, the reaction exhibits zero order kinetics for several min- 
utes, and its rate is proportional to the concentration of enzyme up to 
about 1.5 units per ml. (Fig. 1). The specific activity is expressed as units 
per mg. of protein. In the initial steps of purification when the nucleic 
acid content of the enzyme solutions is high (light absorption at 280 mu 
to absorption at 260 mu <0.8), protein was determined by the method of 
Gornall et al. (13); subsequently it was determined by measurement of the 
light absorption at wave-lengths 280 and 260 mu according to Warburg 
and Christian (14). 

Extraction—The starting material was lyophilized powder of EZ. coli 
(strain 4157) prepared as previously described (15). This powder had 
been stored in closed containers in the cold for about 2 years. 

3.0 gm. portions of powder are ground in a mortar for several minutes 
at room temperature with an equal weight of alumina A-301 (325 mesh, 


2 
0 0! 002 003 004 


ENZYME (ML) 


Fio. 1. Rate of hydroxamic acid formation as a function of enzyme concentration 
in the standard acetokinase assay. Incubation, 2 minutes at 29°. The EZ. coli en- 
tyme solution (specific activity, 115) contained 0.435 mg. of protein per ml. 


HYDROKAMIC ACID (uM) 


Aluminum Company of America) and a wetting amount of 0.1 m po- 
tassium phosphate buffer, pH 7.4. The gummy paste is then stirred 
with 30 ml. of buffer for 30 minutes at 2°. Several such batches are com- 
bined, and the mixture is centrifuged in the cold for | hour at 18,000 x g. 
The residue is extracted again with about 5 volumes of buffer, centrifuged 
as before, and the clear supernatant solutions are combined. The specific 
activity of the extract (pH 7.3, 10 to 14 mg. of protein per ml.) is 2 to 3. 
The extract may be stored in the refrigerator, in the presence of 0.005 m 
cysteine, with no loss of activity. 

First Acetone Fractionation—The extract is brought to 45 per cent ace- 
tone concentration by volume, beginning at 0° and ending at — 10°, with 
rapid mechanical stirring and dropwise addition of acetone cooled to — 10°. 
The heavy precipitate is removed by centrifugation for 1 hour at — 10° and 
500 X g. The clear supernatant fluid is then brought to 55 per cent ace- 
tone concentration at —10° and the mixture centrifuged as above. The 
carefully drained precipitate is suspended and thoroughly mixed in 0.1 
volume (referred to the original volume of extract) of 0.5 saturated ammo- 
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nium sulfate (35 gm. of (NH,4)sSO, + 100 ml. of water), containing 0.005 
M cysteine, at 0°. The assay may be carried out in the presence of ammo- 
nium sulfate. The enzyme cannot be stored at this point. 

First Ammonium Sulfate Fractionation—The above suspension is cen- 
trifuged in the cold to remove inactive protein; the supernatant fluid should 
contain about 7.0 mg. of protein per ml. Solid ammonium sulfate is then 
added to the solution at 0° to obtain three fractions at 0.55, 0.60, and 0.65 
saturation. After centrifugation, each of the three precipitates is dis- 
solved in a small volume of phosphate-cysteine and assayed. The best 
two fractions’ are combined. At this stage the enzyme keeps well on 
frozen storage. 

Second Acetone Fractionation—The solution from the above step is di- 
luted with phosphate-cysteine to contain 7.0 mg. of protein per ml. and 
dialyzed for 2 hours against 10 volumes of the same solution at 0°. Any 
insoluble material is removed by centrifugation and the solution fraction- 
ated as before with acetone at —10°. Three fractions are collected be- 
tween 45 and 50, 50 and 55, and 55 and 60 per cent acetone concentration 
by volume. The precipitates are dissolved in a small amount of phos- 
phate-cysteine. The most active is usually the 50-55 fraction. The en- 
zyme cannot be stored at this point. 

Second and Third Ammonium Sulfate Fractionation—The best fraction 
from the previous step is diluted with phosphate-cysteine to contain 5.0 
mg. of protein per ml. and adjusted to pH 6.7 with 0.1 N acetic acid. The 
solution is fractionated with solid ammonium sulfate at 0° between the 
limits of 0 and 0.45, 0.45 and 0.50, 0.50 and 0.55, and 0.55 and 0.60 satu- 
ration. The first fraction has little or no activity and is discarded. The 
other fractions are dissolved in a little phosphate-cysteine and assayed. 
The two most active fractions (usually 0.50 to 0.60 saturation) are com- 
bined. 

Some further purification is obtained by repeating the ammonium sul- 
fate fractionation as above, but with successive increases of 0.02 in the 
degree of saturation, between 0.45 and 0.55 saturation. The best fractions 
(usually 0.49 to 0.53 saturation) are combined. The specific activity of 
the best preparations is about 300, representing approximately a 100-fold 
purification of the enzyme in the initial extract. The course of the puri- 
fication is summarized in Table I. 

The preparation is free of transacetylase, condensing enzyme, adenylic 
kinase (myokinase), and ATPase. The enzyme is fairly stable when stored 
in phosphate-cysteine at — 18°. 

S. hemolyticus Enzyme—This enzyme is purified from phosphate ex- 


3 Usually the 0.50-0.55 and 0.55-0.60, but occasionally the 0.55-0.60 and 0.60-0.65, 
fractions. 


eee 


= 


— 


E 
ls 
ls 
2n 
2n 
ra 


ROSE, GRUNBERG-MANAGO, KOREY, AND OCHOA 741 


tracts of cold-stored cells through steps involving precipitation with ammo- 
nium sulfate at 0.45 saturation, removal of nucleic acid and inactive pro- 
teins with protamine, adsorption on and elution from calcium phosphate 
gel, and refractionation with ammonium sulfate. The specific activities of 
the initial extract and the final preparation are about 0.3 and 30 respec- 
tively. The purified preparation generally contains transacetylase and 
adenylic kinase. 


I 
Purification of Acetokinase from E. coli 
39 gm. of dry cells. 


Step Volume | Units Protein 5*"| Specific | vieig 
2780 my 
200 my 
me || | per cn 
410 12,200 4060 0.53 3 100 
Ist acetone fractionation (40-55 per | 
56 | 6,750 450 15 55 
lst ammonium sulfate fractionation | 
21 | 6,100 140 0.83 42 49 
2nd acetone fractionation (50-55 per | 
6 | 2,900 30 98 24 
2nd ammonium sulfate fractionation 
3 | 2,400 1.22 190 20 
3rd ammonium sulfate fractionation | 
1,800, 6/ 1.40 300 15 
Properties of Enzyme 


Most of the experiments reported in this paper have been carried out 
with the EF. coli enzyme. 

pH-Dependence, Specificity, and Metal Requirement—Acetokinase has a 
rather sharp optimum at pH 7.4. As shown in Fig. 2, this is true for the 
reaction in either direction. For the forward reaction the samples were 
made up as in the standard assay, except that hydroxylamine hydrochlo- 
ride was used instead of neutral hydroxylamine. The samples were then 
adjusted to the desired pH with KOH prior to making up to volume with 
water and adding the enzyme. No other buffer was used. For the back- 
reaction the samples contained MgCl, (0.01 m), ADP (0.01 m), acetyl P 
(0.03 m), and potassium phosphate (0.05 m) previously adjusted to the 
desired pH. The reaction was started by addition of enzyme and stopped, 
after incubation for 2 minutes at 29°, by addition of hydrochloric acid to 
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0.01 N final concentration. The mixtures were then heated to 100° for 3 
minutes to hydrolyze the remaining acetyl P, cooled, and neutralized. 
Suitable aliquots were used for the determination of the ATP formed. 
This was carried out enzymatically with acetokinase and a large excess of 
acetate as in the standard assay, since, under these conditions, the ATP 
reacts to completion to yield a stoichiometric amount of hydroxamic acid. 
There was no change of pH during incubation in either set of experiments. 
The stability of F. coli acetokinase is limited to the pH range 6.5 to 7.8. 
The fatty acid substrate specificity of acetokinase is very narrow. The 
E. coli enzyme is active only with acetate and propionate of a number of 
compounds tested. As shown in Table II, the rate of reaction with 


RELATIVE ACTIVITY 


pl 
Fic. 2. pH-dependence of acetokinase. @, forward reaction in standard assay; 
enzyme (specific activity, 137) with 4.0 y of protein. O, back-reaction; enzyme (spe- 
cific activity, 60) with 9.7 y of protein. For conditions see the text. E. coli enzyme 
used throughout. 


propionate is only about one-tenth of that with acetate. The intermediate 
rate obtained with a mixture of acetate and propionate indicates competi- 
tion of the two substrates for the same active center. The following com- 
pounds (at the final concentrations given in parentheses) were inactive in 
the standard assay: formate (0.4 m), fluoroacetate (0.2 mM), chloroacetate 
(0.5 M), butyrate (1.0 mM), succinate (0.5 m), glycolate (0.6 mM), glyoxylate 
(0.075 m), pi-lactate (0.4 mM), L-malate (0.4 mM), acetoacetate (0.5 m), and 
glycine (0.8m). The activity toward acetate and, to a lesser extent, pro- 
pionate and the inactivity toward butyrate recall the behavior of the ace- 
tate activating enzyme (5, 16). However, while there are other activating 
enzymes for fatty acids of chain length above C,; (17, 18), no fatty acid 
kinases other than acetokinase are known so far with the possible exception 
of one for succinate (19). 

As regards specificity toward the nucleotide substrates, ADP cannot re- 
place ATP in the forward reaction (standard assay) nor can AMP replace 
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ADP in the back-reaction. This indicates either that there is no such 
reaction as ADP + acetate — AMP + acetyl P or that, if there is, it is 
not catalyzed by acetokinase. ITP and IDP are about as active as ATP 
and ADP in the forward and back-reactions respectively. The back-reac- 
tion was followed through the disappearance of acetyl P, determined as 
hydroxamie acid, under the conditions already outlined for the study of 
the pH-dependence. The reaction was stopped with p-chloromercuri- 
benzoate (final concentration, | to 5 Mm), which is a strong 
inhibitor of acetokinase, prior to the addition of hydroxylamine (final 


Taste Il 
Specificity and Metal Requirement of Acetokinase 

Standard assay. When present, the final concentration of propionate was 0.9 
mM, that of MnCl, (replacing MgCl.) 0.01 m, and that of Versene 0.03 Mm. The E. coli 
enzyme used in Experiment 1A had specific activity 60 with 33 y of protein; in Ex- 
periment 2A, specific activity 210 with 14 y of protein; in Experiment B, specific 
activity 137 with 8 y of protein. Activity expressed as micromoles of acetyl P 
formed per minute. 


Activity 


Substrate Metal Activity 
Experiment 
1 


Acetate 2.10 


2.90 None 0 
Propionate 0.19 0.23 MgCl, 1.1 
Acetate + propionate 1.15 1.60 MnCl, 1.2 
1.6* 
+ Versene 0* 


* S. hemolyticus enzyme (specific activity 30, 53 y of protein). 


concentration, 0.7 mM). The fact that acetokinase is fully active with 
crystalline ATP, which is free of other nucleotides, indicates that the en- 
zyme utilizes ATP and ADP directly. Other reactions involving nucleo- 
tide polyphosphates have recently been shown to utilize ITP (20) or GTP 
(21), but not ATP. 

The enzyme has an absolute requirement for Mg** or Mn**, and the 
reaction is strongly inhibited by chelating agents such as Versene (Table 
Il). For this reason, Versene can be used to stop the reaction. 

The half saturation concentrations (K,, values) of substrates and Mg*+ 
for the £. coli enzyme are as follows: ATP, 0.002 m; acetate, 0.3 m; pro- 
pionate, 0.47 mM; ADP, 0.0015 Mm; acetyl P, 0.005 m; Mg**, 0.005 m. These 
values were obtained from Lineweaver-Burk plots (22) in the usual man- 
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ner. The standard assay was used for ATP, acetate, propionate, and 
Mg++; the rate of acetyl P disappearance, as outlined above, was used for 
ADP* and acetyl P. When thus determined, maximal velocities in the 
back direction are about 6 times greater than those in the forward direc- 
tion. It may be seen that the affinity of the enzyme for acetate and pro- 
pionate is quite low. The S. hemolyticus enzyme has a somewhat higher 
affinity for acetate (K,,, 0.09 m). 

Coupling with Transacetylase and Condensing Enzyme—The synthesis of 
citrate from ATP, acetate, and oxalacetate, in the presence of catalytic 
amounts of CoA, requires acetokinase, transacetylase, and condensing en- 
zyme. Earlier evidence for the involvement of the three enzymes (7) has 


Taste Ill 
Coupling of Acetokinase with Transacetylase and Condensing Enzyme 

The complete system contained the following components (in micromoles) : potas- 
sium phosphate buffer, pH 7.4, 30, MgCl, 5, L-cysteine 10, CoA 0.05, ATP 10, potas- 
sium acetate 300, potassium oxalacetate 30, E. coli acetokinase (specific activity, 
115) with 87 y of protein, transacetylase (8 units), crystalline condensing enzyme 
(28 7), and water to a final volume of 1.0 ml. After 30 minutes at 30°, reaction 
stopped with 1.0 ml. of 10 per cent trichloroacetic acid. 


System Citric acid formed 
pmoles 
0 
‘* condensing enzyme.................... 0 


now been supplemented by experiments with purified acetokinase. Syn- 
thesis of citrate, under these conditions, is due to the coupling of Reaction 
3 with the reaction catalyzed by the condensing enzyme (Reaction 5). 
Table IIT illustrates a typical experiment. 


(4)  .Malate + DPN* — oxalacetate + DP?NH + (malic dehydrogenase) 
(5) Oxalacetate + acetyl-S-CoA + H,O = 
citrate” + HS-CoA + (condensing enzyme) 


(6) Net reaction, L-malate~ + DPN* + acetyl-8-CoA + H,O = 
citrate” + HS-CoA + DPNHI + 2H 


*In the case of ADP, the reaction was carried out in the additional presence of 
glucose and hexokinase in order to keep the ADP concentration constant. The sam- 
ples contained, besides ADP and acetokinase, Tris buffer, pll 7.4 (0.1 w), MgCl: 
(0.02 m), acetyl P (0.03 m), glucose (0.055 m), and an excess of hexokinase. 
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The over-all reaction can also be followed spectrophotometrically, by 
measuring the reduction of DPN*+, when t-malate, DPN*, and malic de- 


04 — 


OPTICAL DENSITY (A= 340 mg; d= 05cm) 


0 
0 10 20 30 
MINUTES 


Fic. 3. Coupling of acetokinase with transacetylase and condensing enzyme fol- 
lowed spectrophotometrically with t-malate, DPN*, and malic dehydrogenase in 
place of oxalacetate. Curves 1 and 2, ATP + acetate as acetyl donor; Curves 3 and 
4 (given for comparison), acetyl P and acetyl CoA, respectively, as acetyl donor. 
The basal system consisted of 150 wmoles of either Tris buffer, pH 8.1 (Curves 1, 2, 
and 4), or potassium phosphate buffer, pH 7.4 (Curve 3), 0.3 umole of DPN*, 10 umoles 
of potassium L-malate, 2.8 y of malic dehydrogenase, and crystalline condensing en- 
tyme (Curves 1, 2, and 3, 5 7; Curve 4, 1.257). Other additions as indicated below. 
Final volume made up with water to 1.5 ml. Temperature, 24°. Silica cells, d = 
05cm. Readings made against a blank cell containing only buffer and water and 
corrected for dilution after additions. In Curves 1 and 2, the basal system was sup- 
plemented with 5 wmoles of MgCl, 0.02 umole of CoA, 10 wmoles of L-cysteine, 5 
smoles of ATP, 300 smoles of potassium acetate, 4 units (8) of transacetylase, and 43 
y of B. coli acetokinase (specific activity, 115). In Curve 3, the basal system was 
supplemented with 0.02 umole of CoA, 10 smoles of L-cysteine, 5 wmoles of acetyl P, 
and 4 units of transacetylase. In Curve 4, the basal system was supplemented only 
with 0.2 umole of acetyl CoA. In all cases malic dehydrogenase was added at zero 
time and condensing enzyme (CE arrows) at 2 minutes. In Curve 1, transacetylase 
was present initially and acetokinase (AcK arrow) added last at 4 minutes. In Curve 
2, acetokinase was added at 4 minutes and transacetylase (7A arrow) was added last 
at 6 minutes. In Curve 3, transacetylase (7'A arrow) was added last at 3.5 minutes. 
In Curve 4, the last addition was condensing enzyme. The optical density for com- 
plete reduction of the DPN* present is 0.62. 


hydrogenase are substituted for oxalacetate. Under these conditions, Re- 
actions 4 and 5 couple to give Reaction 6 as the net result (23). Typical 
results are shown in Fig. 3. Curves 1 and 2 show the need for both aceto- 
kinase and transacetylase, besides condensing enzyme, when ATP + ace- 
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tate is the acetyl donor. Curves 3 and 4 are given as controls and show 
the coupling of transacetylase and condensing enzyme (acetyl! P as acety! 
donor) and the action of the condensing enzyme (acety! CoA as acetyl 
donor) respectively. 


Tasie 
Effect of Inhibitors on Acetokinase 

The standard assay was used in Experiment 1; enzyme (specific activity, 300) 
with 6.8 7 of protein. In Experiment 2 the back-reaction was measured, with ADP 
(0.01 m) and acetyl P (0.03 M) as initial reactants, through the disappearance of 
acetyl P determined as hydroxamic acid. The samples were incubated 3 minutes at 
29°, and the reaction was stopped with p-chloromercuribenzoate (final concentra- 
tion, 2 X 10° m) prior to the addition of hydroxylamine (final concentration, 0.7 
mM). Conditions otherwise as in the standard assay; enzyme (specific activity, 25) 
with 8 y of protein. Activity expressed as micromoles of acetyl P formed or disap- 
pearing per minute. The reaction was started with ATP in Experiment 1 and with 
acetyl P in Experiment 2 following 1 minute incubation of the remaining components 
with the inhibitor at 29°. Fora given amount of enzyme the initial rate of the back- 
reaction is about 6 times faster than that of the forward reaction in the standard 
assay. FE. coli enzyme used throughout. 


_— 


Experi- Inhibitor Inhibitor uCysteine Activity Inhibition 


ment No. concentration 

l None 1.75 
HgCl. 0.75 a7 
0.33 
0.01" 1.80 0 
p-Chloromercuribenzoate 2X lo 0 100 
| 2 xX 10-* 0.01" 1.30 26 

2 | 1.05 
lodosobenzoate 2x lo" 0 100 
2x 0.01* 0.36 
| 2x lo? 0.01f 1.22 0 


* Added 1 minute after inhibitor prior to starting reaction. 
t Added before inhibitor. 


Inhibitors—Acetokinase is strongly inhibited by some of the so called 
SH reagents, in particular by mercuric ions, p-chloromercuribenzoate, and 
iodosobenzoate; in the first two cases the inhibition is reversed by cysteine 
(Table IV). Phenylarsinoxide is a weaker inhibitor, while iodoacetate 
and iodoacetamide fail to inhibit at 0.01 m concentration after incubation 
with the enzyme for 30 minutes at room temperature. The concentrations 
required for 50 per cent inhibition are HgCl, 10-7 m, p-chloromercuriben- 
zoate 3 X 10-7 M, iodosobenzoate 3 10“ Mm, and phenylarsinoxide 10~ 
M. While these results would seem to allow classification of acetokinase 
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as an SH enzyme (24), there is no direct evidence for the participation of 
SH groups in the reaction. Fluoroacetate fails to inhibit acetokinase when 
tested under the conditions of the standard assay. This result indicates 
that the compound is not bound by the enzyme and reinforces the evidence 
previously noted that fluoroacetate is not a substrate of acetokinase. 
Equilibrium—The attainment of equilibrium from either side of Reaction 
| is illustrated in Fig. 4. The apparent equilibrium constant of Reaction 1 
was determined at pH 7.3 and 29° with varying initial concentrations of 


DISAPPEARANCE 


PER CENT CHANGE OF ACETYL-PO, 


| 
—" 
| Y 
| 


TIME. MEN, 

Fic. 4. Attainment of equilibrium from either side. Reaction followed through 
the appearance or disappearance of acetyl P, determined as hydroxamie acid, and 
stopped at stated time intervals by addition of p-chloromercuribenzoate (final con- 
centration, 10~* m) prior to the addition of hydroxylamine (final concentration, 0.7 
mu). No correction was made for loss of acetyl P through spontaneous hydrolysis. 
The ordinate represents the per cent change in acetyl P with regard to the change 
(taken as 100 per cent) required to reach equilibrium. The samples contained 50 
pmoles of Tris buffer, pH 7.4, 10 umoles of MgCl., E. coli enzyme (specific activity, 
300) with 1.5 y of protein, and the following components (in micromoles) in a final 
volume of 1.0 ml.: forward reaction, ATP 12.5, acetate 1500; back-reaction, ADP 
10.4, acety! P 7.5. Incubation at 20°. At arrow, addition of a further 1.5 y of en- 
zyme. 


reactants both with S. hemolyticus® and E. coli enzyme. The results ap- 
pear in Table V. Besides the indicated concentrations of initial reactants, 
the samples in the experiments with S. hemolyticus enzyme contained, per 
ml. of reaction mixture, 50 wmoles of potassium phosphate buffer, pH 7.3, 
4.0 umoles of MnCl,, and enzyme (specific activity, 40) with 125 y of pro- 
tein; the reaction was stopped by addition of Versene (final concentration 
0.013 m). In the experiments with F. coli enzyme the samples contained, 
per ml. of reaction mixture, 50 ymoles of Tris buffer, pH 7.3, 10 umoles of 
MgCh, and enzyme as follows: 12 y (specific activity, 300) in the first ex- 
periment, 33 y (specific activity, 300) in the second, and 51 y (specific 


* This preparation was almost free of adenylic kinase. 
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activity, 113) in the third. The reaction was stopped by addition of 
p-chloromercuribenzoate in a final concentration 10-*m. Although rather 
large amounts of enzyme were used, a long incubation time (50 to 60 min- 
utes) was chosen. The reason was that, while equilibrium appeared to be 
reached in 5 to 20 minutes based on the disappearance or appearance of 
acetyl P, 50 minutes were required for the reaction to come to within 90 
to 95 per cent of equilibrium based on the exchange of C"-acetate with 
acetyl P. Acetyl P was determined as hydroxamic acid and ATP and 


Tasie V 
Equilibrium Constant of Reaction ATP + Acetate = ADP + Acetyl P 


Incubation, 50 to 60 minutes at pH 7.3 and 29°. For experimental conditions 
and details see the text. Concentrations expressed in micromoles per ml. 


| Initial concentration Final concentration 
Enzyme | pers | | 
ATP app | | ATP | Acetate | ADP | Acetyl 
S. hemolyticus 20.0 | 2.0) 10.0 15.0 | 497 5.6 13.0 0.0093 
10.0) 500) 4.0 10.0) 11.0 | 500 4.7 10.0 0.0085 
250°) 10.0 | 20.0 | 16.0 | 256 49 13.6 0.0150 
| 1500 | 0.0; 0.0) 5.9 (1489 8.0 11.0 0.0008 
| 10.0; 125 10.0 | 10.0 | 16.0 | 130 6.3 4.6 0.0130 
0.0111 
E. coli | 5.0, 400) 8.3 (11.8 8.1 | 406 3.2 6.3 0.0064 
1.0 500 0.0 0.0 7.7 495 5.2 4.64 0.0063 
0.0 If 10.6 8.4 7.85 8.85, 0.34 0.48 0.0058 


* K’ = [ADP]lacetyl P]/[ATP]lacetate]. 
t Acetate present in acetyl P. 


ADP by ultraviolet absorption after separation on anion exchange (Dowex 
1) columns (25). The amount of acetate at equilibrium was estimated 
from the change in acetyl P, except in the last experiment with EF. coli 
enzyme in which acetate was determined enzymatically with acetokinase 
as described later. 

It may be seen from Table V that the equilibrium position of Reaction 
1 is far toward the left. The average value of K’ for the two sets of ex- 
periments was 0.0086. We have no explanation for the small discrepancy 
between the S. hemolyticus and E. coli values. The standard free energy 
change of the reaction, calculated from the equation AF° = —RT In K, 
is +2850 calories at pH 7.3 and 29°. This is in agreement with the earlier 
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data of Lipmann (9) and indicates that the standard free energy of hy- 
drolysis of acetyl P is approximately 2800 calories higher than that of the 
pyrophosphate bond of ATP. The latter has recently been recalculated 
by Burton and Krebs (26) as —9400 calories at pH 7.5. This would give 
an approximate value of 2800 + 9400 = 12,200 calories for the standard 
free energy of hydrolysis of acetyl P. 

Mechanism—The possibility was considered that Reaction 1 might occur 
through a double displacement mechanism (27), with formation of an 


Tassie VI 
Exchange of Labeled ADP and Orthophosphate with ATP 


All samples contained 50 smoles of Tris buffer, pH 7.4, and 10 smoles of MgCl, in 
a final volume of 1.0 ml. In addition, the samples in Experiment 1 contained aceto- 
kinase (adenylic kinase-free, specific activity, 200) with 65 y of protein, 15 smoles 
of ADP® (labeled in the terminal phosphate, specific radioactivity 4100 ¢.p.m. per 
umole), and 30 smoles of ATP without or with 500 umoles of acetate. In Experiment 
2, 2.0 smoles of P*-labeled orthophosphate (specific radioactivity, 75,000 ¢.p.m. 
per umole), 4.0 umoles of ATP, and 750 smoles of acetate without or with 0.013 umole 
of CoA and 3.0 smoles of GSH. Enzymes, when present: acetokinase (specific ac- 
tivity, 83) with 60 y of protein; transacetylase, 3 units (8). Incubation (both ex- 
periments), 10 minutes at 29°. Reaction stopped with p-chloromercuribenzoate 
prior to chromatography of nucleotides by the procedure of Cohn and Carter (25). 
E. coli acetokinase used throughout. 


Final specific radioac- 


ADP ATP 
1 Acetokinase ADP, ATP 4000 150 
| acetate 1150 1180 
Transacet ylase | = 18 
Acetokinase + trans- 7100 

acet ylase 


enzyme-phosphate intermediate (28), as represented by Reactions 7 and 
(7) ATP + enzyme = ADP + enzyme-P 
(8) Enzyme-P + acetate =" enzyme + acetyl! P 


8. If so, acetokinase should catalyze a rapid exchange of P®-labeled ADP 
with ATP (a result that would be significant only in the absence of adenylic 
kinase), as well as an exchange of C'-acetate with acetyl P (or propiony! 
P). The results of such experiments (Tables VI (Experiment 1) and VII) 
show that the postulated exchanges do not occur to a significant extent 
unless the acetokinase system is completed by addition of acetate (Table 
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VI, Experiment 1) or ADP (Table VII). Table VI (Experiment 2) also 
shows that the acetokinase reaction does not involve liberation and uptake 
of orthophosphate. P®*®-labeled orthophosphate was not incorporated in 
ATP by a complete system except on addition of CoA and transacetylase. 
In this case acetyl P reacts reversibly with CoA to form acetyl CoA and 
phosphate, and the latter is incorporated in ATP via acety! P. 
Intermediate formation of a diester, a reaction that would involve the 
splitting off and addition of water or hydroxy! ions (28), was excluded by 


Tasie VII 
Exchange of Labeled Acetate with Acetyl P or Propionyl P 


All samples contained 50 smoles of Tris buffer, pH 7.4, and 10 smoles of MgCl, in 
a final volume of 1.0 ml. In addition, the samples in Experiment 1 contained ace. 
tokinase (specific activity, 60) with 83 y of protein, 50 amoles of 1-C"*-acetate (specific 
radioactivity, 2000 c.p.m. per umole), and 50 smoles of acetyl P without or with 14 
umoles of ADP. In Experiment 2, acetokinase (specific activity, 180) with 27.5 y 
of protein, 20 umoles of 1-C'*-acetate (specific radioactivity, 1500 ¢.p.m. per smole), 
and 46 umoles of propiony!l P without or with 10 sgmoles of ADP. Incubation for 
the times stated at 29°. In Experiment 1 the reaction was stopped with p-chloro- 
mercuribenzoate (final concentration 2 X 10~-* m) prior to the addition of hydroxyl. 
amine. In Experiment 2, hydroxylamine was added at the times stated, and the 
samples were incubated for a further 10 minutes before being worked up for count- 
ing. Radioactivity of acetyl moiety of acetyl P determined as described in ‘“Meth- 
ods and preparations.’’ E.coli enzyme used throughout. 


— 


Total radioactivity (c.p.m.) in acetyl P 


Reactants 
| Omin. 10 min. 20 min. | 160 min. 
1 1-C"*-acetate, acetyl P 655 720 736 
2 “ propionyl P 485 592 485 
“ ADP 1585 9000 200 


the failure of the system to exchange H,O" with the phosphate groups of 
ADP or acetyl P under the conditions of the standard acetokinase assay.‘ 

The results with acetokinase are similar to those of Boyer and Harrison 
(28) with pyruvic kinase and of Cohn (29) with phosphoglyceric kinase and 
suggest the occurrence of phosphate transfer through a single displacement 
mechanism (27, 28). This would involve simultaneous binding by the 
enzyme of both phosphate donor and acceptor, followed by phosphate ex- 
change on the enzyme, possibly through an activated complex, as visualized 
by Koshland (27). 


° These experiments were performed by W. H. Harrison and P. D. Boyer, Depart- 
ment of Agricultural Biochemistry, University of Minnesota. Personal communi- 
cation from Dr. Boyer. 
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In connection with the nucleotide specificity of acetokinase it may be 
pointed out that the failure to obtain an ADP-ATP exchange indicates that 
these nucleotides react directly with the enzyme rather than through phos- 
phate exchange with a firmly bound nucleoside diphosphate prosthetic 
group. In the latter case the reaction ATP + XDP = ADP + XTP, 
where X represents a nucleoside moiety other than adenosine (cf. (30, 31)), 
would bring about the exchange of ADP with ATP. 

Distribution—Quantitative data on the distribution of acetokinase in 
some bacteria are given in Table VIII. The enzyme was assayed in ex- 
tracts obtained as described for the preparation of the EF. coli enzyme. 
Before use, the extracts were shaken with anion exchange resin (Dowex 1) 
to remove CoA (32) and eliminate possible interference by the acetate 
activating enzyme if present. This would give a positive reaction in the 
standard assay, since hydroxylamine reacts with acetyl CoA to form acet- 
hydroxamic acid and CoA (3). However, separate assays for acetate 
activating enzyme showed that, with the possible exception of C. kluyveri, 
this enzyme was not present. These assays were carried out with acetyl 
P, catalytic amounts of CoA, and transacetylase (as a source of acetyl 
CoA), PP, and AMP. The presence of the acetate activating enzyme 
would lead to disappearance of acetyl P determined as hydroxamic acid. 
Transacetylase was assayed by arsenolysis of acetyl P in the presence of 
CoA (8). 

In general, the distribution patterns of acetokinase and transacetylase 
are similar (Table VIII). However, in extracts of Clostridium (strain 
Il. F.), which are rich in acetokinase, little or no transacetylase could be 
demonstrated, while C. kluyvert extracts, rich in transacetylase, showed 
low acetokinase activity. It is possible that conditions favorable for ex- 
traction of one of these enzymes from a given organism may be unfavor- 
able for extraction of the other. 


Enzymatic Determination of Acetate 


Acetokinase can conveniently be used for the determination of amounts 
of acetate between 0.5 and 2.5 uymoles. This is carried out by adding the 
unknown solution, adjusted to pH 7.4, to a reaction mixture containing 50 
umoles of Tris buffer, pH 7.4, 10 wmoles of MgCl., 10 wmoles of ATP, 750 
umoles of hydroxylamine, and 6 to 12 units of acetokinase. The volume 
is made up with water to 1.0 ml., and the samples are incubated for 1 hour 
at 20-38°. Under these conditions the acetate is quantitatively converted 
to acethydroxamic acid. The mixture is deproteinized with 1.0 ml. of 10 
per cent trichloroacetic acid and the hydroxamie acid determined accord- 
ing to Lipmann and Tuttle (12) after adding 4.0 ml. of the FeCl; reagent 
(1.25 per cent FeCl, in 1.0 ~ HCl). Recoveries of known amounts of 
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acetate are listed in Table IX. The method is highly specific since, as 
shown in a previous section, of a number of compounds tested only pro- 
pionate would interfere. The procedure has been applied to the deter- 
mination of acetate in crude biological mixtures with recoveries of 95 per 
cent or better. J. coli acetokinase prepared through the third step of the 
purification procedure (first ammonium sulfate fractionation) is satisfac- 
tory for use in the determination. 


Tasie VIII 
Distribution of Acetokinase 
The data given for the specific activity of acetokinase are for the standard assay 
(forward reaction) in the presence of hydroxylamine. The back-reaction (ADP and 
acetyl P as initial reactants) was measured in all cases, and the results agreed with 
those for the forward reaction. With the possible exception of C. kluyveri none of 
the extracts showed acetate activating enzyme activity. 


Organism 
per mg. proicin 

Proteus vulgaris............ | ll +f 
Streptococcus faecalis*.....__. 3 + 
B. 0.4 | + 
Clostridium (strain H. F.)* 6 Little 
| 0.04 | + 

* Dry cells. 

7 D. J. O’Kane, personal communication. 


Methods and Preparations 

Citric acid was estimated as in previous work (15); we are indebted to 
Miss A. del Campillo for the citrate determinations. Phosphate was deter- 
mined by the method of Lohmann and Jendrassik (33). 

The preparation of ADP labeled with P® in the terminal phosphate was 
based on the equilibration of P®-orthophosphate with ATP, in the presence 
of acetate, Mg**, acetokinase, CoA, and transacetylase according to Reac- 
tion 3 (see Table VI, Experiment 2). The ATP®, which is labeled in the 
terminal phosphate, is then equilibrated with AMP, in the presence of 
adenylic kinase, to give a mixture of AMP, ATP®, and ADP®, the ATP 
being equally labeled in the two terminal phosphates and the ADP only 
in the terminal phosphate. The individual nucleotides are isolated by ion 
exchange chromatography. A typical protocol follows: 50 uwmoles of Tris 
buffer, pH 7.4, P®-potassium phosphate with 3 & 10° c.p.m., 19 wmoles of 
ATP, 800 umoles of acetate, 10 ymoles of MgCl, 0.11 wmole of CoA-SH, 
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18 units of F. coli acetokinase (specific activity, 180; 0.1 mg. of protein), 
and 27 units of transacetylase, in a final volume of 1.4 ml., were incubated 
for 15 minutes at 29°. 16 wmoles of AMP and an excess of adenylic kinase 
were then added, and the mixture was incubated for a further 45 minutes. 
After heating for 3 minutes at 100° and cooling, the coagulated protein 
was removed by centrifugation, the precipitate washed with a little water, 
and the wash combined with the supernatant solution. The solution was 
chromatographed (25) on a Dowex 1 (200 to 400 mesh, 10 per cent cross- 


Taste 1X 
Quantitative Determination of Acetate with Acetokinase 


For conditions see the text. Determinations 7 through 13 carried out by Dr. 
T. C. Stadtman. 


Enzyme | | 
Temperature Acetate added | Acetate found | Acetate 
| | Units | | 
| | | | | 
| | C. | pmoles | pmoles per cent 
1 a | 5.7 | 29 | 075 | O86 | 3 
2 M4 §.7 | oa | 96 
3 | @ 150 | 1.42 | 
| 2 $00 | 3.0 | 
s | | 6&7 | 2 «63.60 (2.8 81 
6 29 §.00 | 3.70 7 
5.7 38 | 0.50 | 0.45 90 
| 38 «1.50 | 1.43 | (9% 
9 84 5.7 | 38 | 2.50 | 2.4 | 
10 38 | 0.80 | 0.74 92.5 
il | 38 | 0.80 | O78 | 9 
12 7, is | 1.08 | 108 
«(12 38 | 2.00 | 199 | 99.5 


linkage, chloride form) column. Based on the adenine content, as deter- 
mined by light absorption at 260 my, the procedure yielded 19 umoles of 
AMP (non-labeled), 5 uwmoles of ATP™ (specific radioactivity, 12 « 10° 
¢.p.m. per umole), and 8 wmoles of ADP® (specific radioactivity, 7 x 10° 
c.p.m. per umole). Through conversion of an aliquot of the ADP® to 
ATP®, by incubation with acetokinase and acetyl P followed by isolation 
and determination of the specific radioactivity of the ATP, the ADP® was 
estimated to be 83 per cent pure. 

In the experiments with C"-acetate, radioactivity in the acetyl moiety 
of acetyl P was determined as follows: 0.05 ml. aliquots were removed at 
the desired times, treated with 0.05 ml. of 4 X 10~ m p-chloromercuriben- 
zoate, and then with 0.1 ml. of 2.0 m hydroxylamine, followed by 10 min- 
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utes incubation at room temperature, to convert acetyl P to acethydrox- 
amic acid. Occasionally the addition of p-chloromercuribenzoate was 
omitted. Aliquots were plated, treated with 1.0 ml. of glacial acetic acid, 
and evaporated to dryness under an infra-red lamp. The addition of gla- 
cial acetic acid and evaporation were repeated before counting. Under 
these conditions, the acethydroxamic acid is stable, while the radioactive 
acetate is almost completely removed. 

The radioactivity of P*®-containing samples was mostly determined with 
a thin window Geiger-Miiller counter, while a windowless flow counter was 
used to determine the radioactivity of C'-containing samples. 

Oxalacetate, acetyl P, crystalline condensing enzyme, and malic de- 
hydrogenase were prepared as in previous work (7, 15, 23). We are in- 
debted to Dr. M. Schwartz for the malic dehydrogenase preparation. 
Transacetylase, prepared from C. kluyveri by Stadtman’s method (8), was 
kindly provided by Dr. D. O. Brummond; another preparation, purified 
from S. hemolyticus by an unpublished method of 8. Korkes, was supplied 
by Miss A. del Campillo. A pig heart enzyme fraction was used as a 
source of adenylic kinase. We are indebted to Dr. M. Kunitz for a sample 
of crystalline hexokinase and to Dr. I. Zelitch for a sample of the bisulfite 
addition product of glyoxylic acid. Propionyl P was prepared according 
to Kaufman (34). Other products were obtained commercially. The 
ATP and ADP used in most cases were derived from the barium salts 
obtained from the Pabst Laboratories. Some experiments were carried out 
with crystalline ATP from the Sigma Chemical Company. ITP and IDP 
were isolated from a commercial ITP preparation (Sigma) by ion exchange 
chromatography on a Dowex 1 (formate form) column. P-labeled ortho- 
phosphate was obtained from the Oak Ridge National Laboratory on allo- 
cation by the Atomic Energy Commission. 

Dry cells of C. kluyveri (lot No. 7) and Clostridium (strain H. F.) were 
kindly supplied by Dr. T. C. Stadtman, of S. faecalis by Dr. I. C. Gunsalus, 
and P. vulgaris cells by Dr. H. F. Fisher. The S. hemolyticus cells were 
obtained from the Lederle Laboratories Division, American Cyanamid 
Company, through the courtesy of Mr. F. Ablondie. A. vinelandii (ATCC 
9104) was grown according to Lee and Burris (35). 


SUMMARY 


1. The purification, properties, and distribution of acetokinase, the bac- 
terial enzyme catalyzing the reversible reaction of ATP and acetate to 
ADP and acetyl P, are described. 

2. The enzyme reacts specifically with acetate and, to a much lesser extent, 
with propionate of a number of compounds tested including butyrate and 
fluoroacetate. It also reacts with ITP and IDP besides ATP and ADP. 


tl 

al 

p 

al 

cl 

cle 

in 

2 

3 

5. 

" 

10 

12 

13 

16. 

17 

Is 

| 

22 

23 


ROSE, GRUNBERG-MANAGO, KOREY, AND OCHOA 755 


Acetokinase has an absolute requirement for Mg** or Mn**. Because of 
the cation requirement the enzyme is strongly inhibited by Versene. It is 
also inhibited by certain SH reagents including Hg**, p-chloromercuriben- 
zoate, and iodosobenzoate, but not by iodoacetate or iodoacetamide. 


3. The synthesis of citrate from ATP, acetate, and oxalacetate, in the 


presence of CoA, requires the three enzymes acetokinase, transacetylase, 
and condensing enzyme. 


4. The equilibrium constant of the acetokinase reaction, which is mark- 


edly in favor of ATP and acetate, has been determined and the free energy 
change calculated. 


5. Experiments bearing on the mechanism of action of acetokinase are 


described and the results discussed. 


6. Acetokinase can be used for the quantitative determination of acetate 


in amounts from 0.5 to 2.5 umole. 
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THE FREE AMINO ACIDS OF CHICK CHORIO-ALLANTOIC 
MEMBRANES AND THE INFLUENCE OF VIRUS 
INFECTION* 


By CLARENCE A. JOHNSON, JOHN E. KEMPF, ann OLAF BERGEIM 


(From the Departments of Biological Chemistry and of Bacteriology, College of 
Medicine, University of Illinois, Chicago, Illinois) 


(Received for publication, July 16, 1954) 


In virus infection the protein metabolism of the host cell is shifted from 
the synthesis of cellular protein to the synthesis of virus protein of a differ- 
ent character. Since it is likely that the virus so formed arises from free 
amino acids of the cell, a knowledge of the concentration of free amino 
acids in the host cell, and its modification by infection, should be of inter- 
est. Because the chick embryo, and particularly the chorio-allantoic mem- 
brane, is used so frequently as host tissue in virus studies, it was thought 
desirable to determine the levels of the individual free and protein-bound 
amino acids in normal membranes at different stages of development. In 
this paper observations are also presented on the influence of influenza 
virus infection on these amino acid levels. Some attempt was made to 
determine whether the amino acid changes noted were due directly to the 
local action of the virus and not to non-specific inflammatory alterations. 


EXPERIMENTAL 


Methods—Membranes were obtained from 9 to 17 day-old embryonated 
eggs by removal of the embryo through an opening at the end opposite the 
air sac, leaving the major portion of the membrane adherent to the shell 
(1). The adherent membrane was rinsed in the shell with cold sterile 0.9 
per cent NaCl solution, then removed, blotted uniformly with sterile filter 
paper, weighed, and transferred to a 25 ml. vial surrounded by dry ice. 
About twenty membranes were pooled, making a total moist weight of 
about 12 gm. In the study of infected membranes, the eggs were first 
candled, then inoculated intraallantoically with 0.1 ml. of diluted (10-* to 
10-*) allantoic fluid collected from eggs previously infected with the virus 
and stored at 4° for not longer than a week. Eggs were incubated at 37° 
for varying periods of time, following which the eggs were opened at the 
air sac end and 0.5 ml. of allantoic fluid was removed for determination of 
virus concentration by the pattern hemagglutination method of Salk (2). 
The membranes were then removed and treated as above. 

* This study was supported (in part) by funds provided under contract No. AF 


(600) -615 with the United States Air Force School of Aviation Medicine, Randolph 
Field, Texas. 
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To the pooled membranes in a small beaker was added an equal weight 
of 0.37 N acetic acid and the mixture boiled for 4 minutes. The membranes 
were then homogenized with a Potter-Elvehjem homogenizer, and the mix- 
ture again boiled for 4 minutes. Water was added to bring the volume to 
50 ml. for each 10 gm. of membrane. Duplicate aliquots of 2 ml. were re- 
moved for total nitrogen determination, 2 ml. for determination of total 
(protein-bound and free) amino acids after acid hydrolysis, 1 ml. for trypto- 
phan after alkaline hydrolysis, and 0.5 ml. aliquots for the colorimetric es- 
timation of tryptophan. 

The remaining mixture was centrifuged and the supernatant fluid de- 
canted. For each 40 ml of supernatant fluid, 1.8 ml. of 2 ~ sulfuric acid 
were added, followed by enough 10 per cent sodium tungstate to precipi- 
tate the proteins. After removal of the precipitated proteins, the filtrate 
was adjusted to pH 7. In most preparations, 1 ml. of final filtrate was 
equivalent to 0.18 gm. of moist membrane. This solution was used for 
the microbiological assay of free amino acids (3). 

Fourteen individual amino acids were usually determined. Results are 
expressed in micrograms per gm. of moist tissue and also in micrograms of 
free or total amino acids per mg. of membrane nitrogen. 

In addition to non-infected membranes, analyses were carried out on 
membranes from 15 day-old eggs infected with influenza virus 15, 24, and 
48 hours prior to harvest. The virus used was the PRS strain of the in- 
fluenza A virus obtained from the American Type Culture Collection. 

Embryonated eggs were also infected with mumps virus of the Enders 
strain on the 9th day of incubation, and membranes were removed and as- 
sayed for virus and amino acid content on the 14th day. Controls of non- 
infected 14 day membranes were analyzed concurrently. 


RESULTS AND DISCUSSION 


The results on the content of individual free and total (protein-bound + 
free) amino acids of chick chorio-allantoic membranes determined after 9, 
15, and 17 days of incubation are given in Table I. Each value represents 
five pools of approximately twenty membranes each. While the tabulated 
data do not show the variability among pools, the standard deviations for 
four amino acids in three series of determinations are given in Table ITI. 
These are fairly representative of the variation among pools. 

If one compares, in Table I, the values for the free amino acids in the 
second column with those in the fifth column, it will be noted that the levels 
of all, except threonine, decline from the 9th to the 15th day in incubation. 
On a moist weight basis, comparison of the first and fourth columns shows 
that there was an increase in the concentration of all amino acids, aver- 
aging about 50 per cent. These results may be accounted for since, as 
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the allantois developed from the 9th to the 15th or 17th day, its cel- 
lular components increased markedly. This was reflected in the increase 
in moist weight from an average of 0.5 to 0.9 gm. During this period the 
protein content of the tissue increased from about 2.7 to 5.2 per cent. 
With an increase in cellular protein there was also a rise in the free amino 
acid level. The rate of synthesis of protein, however, exceeded that of 
the free amino acid rise, so that on a nitrogen basis there was actually a 
decline in free amino acids. 


Tasie | 
Free and Total Amino Acids in Chorio-Allantote Membranes of Embryonated Eggs 


9% day-old incubation | 15 day-old incubation 17 day-old incubation 


- - - 


Free Total bree Total | Free Total 
Arginine .......... 84 (20.3 124 15.9 578 130 16.5 633 
Cystine.............../ 16 | 3.8| 82 21 | 72| 2 @ 
Histidine 6.1 202 | 35 4.4/ 172 | 35 | 4.5 | 186 
Isoleucine. .... 32 | 7.7' 45 &.2| 271 48! 6.2! 271 
Leucine... | 50 14.0 350! 72. 8.1| 354! 67 8.8| 347 
Lysine........ «16.1 «468 | 84 10.1 399 88 11.2 429 
Methionine. ...| | 3.3] 198] 2.0) 198) 119 
Phenylalanine 208 | 21 186 | 2.4! 178 
Proline... @ | 68| 902) 41 5.0! 3657 | 47 5.9! 373 
Serine | 60 14.7) 491 93 | 10.5 300 77 | 10.0; 323 
Threonine. . | 30 7.0 250 66 8.2 236 102 12.9 286 
Tryptophan 5 12) 42; 8 10 42 8 10 30 
Tyrosine 35 8.2, 199 61 7.6' 159 49 6.2| 165 
Valine. 48 10.8 8 


365 75 9.6 71 


Since virus synthesis as well as tissue protein synthesis is dependent on 
adequate concentration of free amino acids in the tissue, the values given in 
Table I are of interest. Without going into detail, it can be stated that the 
free amino acids of membranes were found in ratios to each other not far 
different from the ratios we have observed in other tissues (4) and in body 
fluids (5, 6). Neither were the ratios unlike those presented by Knight 
(7) for influenza virus protein. In general, levels of free amino acids in 
membranes were about 3 times as high as for blood plasma. They were 
about as high as the levels in mammalian striated muscle and were much 
lower than kidney and liver tissue, which presumably have a higher rate of 
protein metabolism. Relative to most other tissues, the free and protein- 
bound tryptophans were low. The same was true of the influenza virus. 
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Data on free and total (protein-bound + free) amino acids of membranes 
infected with influenza virus are presented in Table II. It will be noted 
that on a nitrogen basis the free amino acid levels after 15 hours infection, 
and all except one after 48 hours of infection, were lower than controls 
shown in Table I. This uniformity of trend can hardly be without met- 
abolic significance. In most instances, however, the decrease in free amino 
acids of infected membranes was not such as could be labeled significant at 
this time. The larger differences were noted with arginine, histidine, ly- 


Il 


Free and Total Amino Acids in 15 Day-Old Chorio-Allantoic Membranes Infected with 
Influenza Virus for Various Periods 


iShr. infected 24 he. infected hr. infected 
Free | Total | Free Total Free Total 
Arginine... 80 7.9 586 124 13.8 97 9.0 | 537 
Cystine... 19 1.9!) 5) | 2.7) 57 | 2 | 23 68 
Histidine... 31 | 3.1 | 181 | 34 3.8) 30 | 2.8 | 167 
Isoleucine... 50 4.9 236 | 6.0 2% | 4.8 | 272 
Leucine...... 76 | 7.5 | 370 | 75 | 8.4 400 | 88 8.2 | 378 
Lysine....... 54 | 5.3 | 356 | 72 | 8.0) 368146 | 4.3 | 372 
Methionine. . 25 | 2.5 | 108 | 23 | 26 123/25 | 2.3 | 122 
Phenylalanine. 2 | 2.5 | 212 | @ 2.9 184 | 2% 2.4 | 198 
Proline. ....... 47 4.6 400 43 | 4.8 382 | 42 3.9 | 372 
Serine........ 76 | 7.5 | 333 | 104 | 11.6 336 | 74 | 6.9 | 295 
Threonine. .... 78 | 7.7 | 20 | 93 | 10.4 255175 | 239 
Tryptophan... 7 | 0.7 47 9.8 1.1, 47 | 86/08) 38 
Tyrosine...... | 74 | 7.4 201 | 8 | 9.3) 160) 71 | 6.6 | 174 
Valine................| 78 | 7.7 | 503 | 120 | 13.4| 400 | 94 | 8.7 | 457 


sine, and serine. It will be noted that three of these were basic amino 
acids. The differences with respect to histidine and lysine were of definite 
statistical significance, as indicated in Table III. 

If one compares the total protein amino acids of infected and non-in- 
fected membranes, the data show no significant alterations in the compo- 
sition of the protein. Certainly, therefore, no profound modification of the 
composition of the proteins occurred. This does not exclude the possi- 
bility of some interplay between the free amino acids of the membrane 
and the protein amino acids of either membrane or virus. It has already 
been pointed out that the relative ratios of amino acids from the three 
sources were not greatly different. 

Although our results have established that significant alterations in cer- 
tain free amino acid levels do occur in tissue as the result of virus infection, 
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further studies are now in progress to determine more precisely when al- 
terations occur during the first growth cycle. 
Are the changes noted with influenza virus due to inflammatory changes 


Tasie 


Summary of Free Amino Acids in 15 Day-Old Chorio-Allantoie Membranes Showing 
Greatest Change Due to Virus Growth 


Non-infected 1S hr. infected 48 br. infected 
Micro Micro | Micro 
Histidine... 44 40.49 3.1 | 3.46 2.8 £0.66 4.02 
0.20 | 
Lysine WL £1.74) 5.3 | £0.67) 3.50 4.3 | £1.19 | 4.85 
0.71 (0.69 
Arginine........... 15.9 44.09 7.9 +0.86 | 2.58 9.0 +1.80 | 2.70 
1.83 1.06} 
Serine............... 10.46 | £1.67. 7.5 | £0.47/ 2.35 6.9 | 42.77 | 2.29 
0.75 | 0.33 | 1.60 


S.d., standard deviation; s.e., standard error of ¢ values from statistical tables 
of Fisher and Yates. For histidine and lysine, the differences are statistically sig- 
nificant at or near the 1 per cent level; for arginine and serine, at or near the 5 per 
cent level. 


Taste lV 

Free and Total Amino Acids in 14 Day-Old Chorio-Allantoic Membranes Infected on 
9th Day with Mumps Virus 


Non-infected | Infected 
Fre | Total | Free | Total 

Arginine 51 06.9 «4832 649 6545) «618 
Cystine 16 2.1 506 6s 2 2.2 636, 60 
Histidine 22 | 2.9 | 1400| 188 33 | 3.1 | 1844 | 174 
Isoleucine 55 | «7.4 | 1974) 265 | 63 | 5.9| 2044) 278 
Leucine. 60 8.0 3450' 43 89 3950) 373 
Lysine 40 5.4 | 3070| 412 47 | 4.4 | 3760| 355 
Methionine | 2.6 | 760) 102 1197 | 113 
Phenylalanine | 2.5 | 1400) 188 | 23 | 2.2/ 2140| 202 
Proline. ...... 28 | 3.7 | 358 41 | 3.9) 3728 | 352 
Serine... 55 | 7.4 | 2070) 399 102 | 9.6 | 3370} 318 
Threonine 40 5.4 200 847.9 | 2542-240 
Tryptophan 6 OS DB 2% 8.5 0.8 | 572, 54 
Tyrosine. 42 5.7 1363 | 183. 66 6.2 | 1885 178 
7.8 9.3 4460) 421 
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of a non-specific nature? To obtain data on this point, 9 day-old embryo- 
nated eggs were infected with mumps virus of the Enders strain and the 
membranes harvested on the 14th day. Controls of non-infected 14 day- 
old embryonated eggs were assayed concurrently. The results are shown 
in Table IV. As before, the total amino acids, when compared on a nitro- 
gen basis, showed no significant change. Some alterations in the levels of 
certain free amino acids were noted, but these were not the same altera- 
tions as occurred in influenza virus infection. So far as they go, these data 
do not support the view that changes observed with influenza virus infec- 
tion were of an inflammatory nature. It will be necessary, however, to 
expand our observations by using other inflammatory agents. 


The authors express their appreciation to Miss Mary Jane Firszt for her 
assistance in these experiments. 


SUMMARY 


Procedures have been developed for the estimation of free amino acids 
and total protein amino acids in the chorio-allantoic membranes of em- 
bryonated eggs. Fourteen individual amino acids have been determined 
in normal membranes after 9, 15, and 17 days of incubation. 

In general the pattern of free amino acids was not greatly different from 
that found in other tissues and body fluids. It was also rather similar to 
that found in the protein of the membrane and of the influenza virus so 
that the syntheses of these from the amino acids present are understand- 
able. 

Data on the influence of virus infection on the amino acids of the mem- 
brane at 15, 24, and 48 hours after infection are presented. No marked 
changes were noted in the levels of most of the amino acids, but decreases 
in lysine and histidine appear to be significant. Infection with mumps 
virus did not produce the same changes. The alterations noted for influ- 
enza virus infection may not, therefore, be due primarily to inflammation. 
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ISOLATION OF THE RICKETTSIAL INHIBITOR FROM 
AUTOCLAVED DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By SHELDON ROSENBERG axp MARIANNA R. BOVARNICK 


(From the Laboratory Service, Veterans Administration Hospital, and the 
Department of Medicine, State University of New York, College of 
Medicine at New York City, Brooklyn, New York) 


(Received for publication, June 2, 1954) 


Bovarnick et al. (1) have called attention to the importance of diphos- 
phopyridine nucleotide (DPN) for the survival of typhus rickettsiae. 
DPN increased their rate of oxygen uptake in vitro when glutamate was 
used as a substrate. The stability of the rickettsiae, as measured by their 
toxicity for mice, infectivity for eggs, and hemolytic activity, was also 
increased by DPN. When the DPN was destroyed by autoclaving, the 
resulting products strongly inhibited the survival of the rickettsiae and 
reduced their rate of oxygen consumption. The addition of unautoclaved 
DPN to the system prevented this inhibition. 

This report is an extension of the above observations. The products 
formed when DPN is autoclaved have been isolated and identified and the 
inhibitory compound has been assayed both in the rickettsial system and 
with a suitable purified enzyme system. 


EXPERIMENTAL 


Rickettsiae—The Madrid E strain of typhus rickettsiae was grown and 
purified, and assays of the oxygen consumption and of the stability of the 
hemolytic activity were made in a manner identical to that described 
earlier (1). 

DPN—Commercial preparations of DPN (Sigma No. 90) were used 
without further purification. For oxygen consumption studies, the sample 
was dissolved in distilled water, the pH was adjusted to approximately 6.8, 
and the solution was then diluted to a concentration of 7.5 mg. per ml. and 
stored in a frozen state until used. For hemolysin stability studies, the 
solution was sterilized by filtration through an ultrafine glass filter. 

Autoclaved DPN (DPNA) was made from the stock by heating in the 
autoclave at 120° and 15 pounds steam pressure for 7 minutes. Following 
this treatment, the pH must again be adjusted with dilute KOH, since there 
is a liberation of acidic groups. There were often significant differences in 
the potency of the different batches and this may have been due to vary- 


* Supported in part by a research grant from the Division of Research Grants of 
the National Institutes of Health, United States Public Health Service (-167C2). 
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ing small amounts of unaffected DPN, since, in one instance, unhydrolyzed 
DPN was found in the products. 

Enzymes—Crystalline triosephosphate dehydrogenase was prepared by 
the method of Cori, Slein, and Cori (2) and freed of DPN immediately be- 
fore use as described by Velick, Hayes, and Harting (3). Aldolase was 
prepared by the method of Taylor, Green, and Cori (4). Alcohol dehydro- 
genase was prepared by the method of Racker (5). 

Analytical Procedures—Ribose was determined by the orcinol reaction 
under the conditions described by Taylor and coworkers (6). Phosphorus 
was determined by the Fiske and Subbarow procedure (7). The adenine 
content of some of the fractions to be described was estimated from the 
molar extinction coefficient of 13.3 « 10° at 264 my (8). Ultraviolet ab- 
sorption was measured with a Beckman model DU quartz spectrophotom- 
eter. 

Chromatographic Procedures—Paper chromatographic separations were 
carried out in the solvent systems described by Carter (9), Wyatt (10), and 
Rosenberg and Kirk (11). The chromatograms were developed by the 
ascending technique in glass jars. After being dried, the papers were ex- 
amined under a Mineralight lamp (SL-2537) for the presence of ultraviolet- 
absorbing compounds or were sprayed with appropriate reagents for the 
detection of phosphate or carbohydrate (12). 

Ion exchange fractionation was carried out in a manner similar to that 
described by Cabib, Leloir, and Cardini (13). A suspension of Dowex | 
(200 to 400 mesh, 10 per cent cross-linked) was poured into suitable columns 
and converted to the chloride form. Elution was carried out with HCl of 
the indicated range of concentrations and fractions were collected auto- 
matically at constant time intervals. Pooled fractions were immediately 
neutralized with KOH and lyophilized. The dried samples were dissolved 
in a small volume of distilled water. The resulting concentration of salt did 
not interfere with the assay procedures, since equal amounts of KCI added 
to controls showed no effect. 


Results 


The effect of DPNA on the oxygen uptake of rickettsiae was essentially 
the same as that previously reported (1). DPNA had the same ultraviolet 
absorption spectrum as native DPN, indicating that the absorbing groups 
were probably unaltered. Paper chromatographic analysis of the prod- 
ucts showed the presence of three compounds detectable with ultraviolet 
light. Two of these were identified as nicotinamide and adenine by chro- 
matography with authentic samples in Carter’s isoamy! aleohol-5 per cent 
NazHPO, solvent (9), in butanol saturated with water, and in 70 per cent 
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ethanol (11). The unknowns gave the same mobility and could not be 
separated from the authentic compounds. 

The third component, the most intense of the three under the Mineralight 
lamp, could not be identified by paper chromatographic means. It had an 
R, of about 0.8 in the isoamy! alcohol-5 per cent NaglI1PO, solvent com- 
pared to adenylic acid at 2, 0.72 and could be readily distinguished from 
DPN which moved more slowly in most of the solvents. By means of 
the molybdate spray of Hanes and Isherwood (14) and p-anisidine hydro- 
chloride (12), the compound was shown to contain phosphate and carbo- 
hydrate. 

In view of the indications of the presence of a product containing adenine, 
ribose, and phosphate, but differing from adenylic acid, the procedure de- 
scribed by Kaplan et al. for isolation of adenosine diphosphoribose from the 
products of the action of Neurospora diphosphopyridine nucleotidase on 


Taste 
Analysis of Barium Salt Isolated from Autoclaved DPN 
Values in micromoles per mg. of barium salt. 


Component | Theory | mee al. | Found 
Adenine... | 1.44 1.15 | 1.28 
Ribose... 2.88 


| 2.47 | 2.66 


DPN (15) was used in an effort to purify the products. From 100 mg. 
of DPNA (uncorrected for actual assay) 73.8 mg. of a barium salt were 
obtained. The product showed a single spot by paper chromatography and 
this was identical with the unknown described above. Analyses for ribose, 
phosphorus, and adenine were in agreement with those of Kaplan et al. 
(Table 1). The compound, therefore, appeared to be the barium salt of 
adenosine diphosphoribose (ADPR). It liberated adenylic acid, demon- 
strated chromatographically, when treated with 0.1 N KOH for 60 minutes 
at room temperature and failed to give the cyanide addition product in- 
dicative of nicotinamide linkage (16). 

The isolated barium salt was assayed for its effect on the oxygen con- 
sumption of rickettsiae after conversion to the potassium salt and failed to 
show inhibition equal to DPNA at the same concentration. Nicotinamide 
and adenylic acid had no noticeable effect at the equimolar concentrations 
tested, namely 0.15 and 0.50 mg. per ml., respectively. Both by oxygen 
uptake assays and hemolysin experiments, ADPR exhibited some inhibi- 
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tion, but in no case as extensive as that shown by autoclaved DPN. Paper 
chromatographic analyses showed that the isolated barium salt underwent 
a progressive decomposition to adenylic acid upon storage in the frozen 
state, and that the inhibitory activity similarly deteriorated with time. 

To avoid the use of barium in the isolation of the inhibitory product, the 
ion exchange scheme of Cabib, Leloir, and Cardini (13) was used. A solu- 
tion containing 620 mg. of DPNA was passed through a 1.5 & 12 em. col- 
umn of Dowex 1 in the chloride form at a flow rate of 1.3 ml. per minute. 
The column was washed with water until the optical density at 260 my was 


25+ FRACTION POOLS 
ro 2 3 4 
20+ 
$40.002N HCI 
0.02N HCI 
1.5 


OPTICAL DENSITY 260 mp 


FRACTION NUMBER 
Fic. 1. Ion exchange fractionation of products of autoclaved DPN. For details 
of the procedure see the text. 


very low and then eluted with progressively increasing concentrations of 
HCl as shown in Fig. 1. The absorption at 260 my of each 10 ml. fraction 
was determined and appropriate fractions, as indicated in Fig. 1, were 
pooled, neutralized, lyophilized, and stored at —70° until they could be 
examined and assayed with the rickettsiae. 

Fraction 1, not absorbed by the resin, showed the presence of nicotina- 
mide and traces of adenine by paper chromatography. Fraction 2, eluted 
with 0.002 x HCl, appeared in the same position on the column chromato- 
gram as DPN (13), moved at the same rate as DPN on filter paper chro- 
matograms, and also showed DPN activity in the enzyme system described 
below. A small amount of unhydrolyzed DPN thus remained in the re- 
action mixture. 

Fraction 3, eluted with 0.005 x HCl, was identical to adenylic acid in 
Carter’s solvent and in isopropanol-2 x HC! (10). 
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Fraction 4, eluted with 0.02 x HCl and comprising the bulk of the hy- 
drolysis products, was chromatographically identical to ADPR. It was 


| eluted from the column in the same position as that reported by Cabib, 


Il 
Effect of Autoclaved DPN and ADPR on Orygen Consumption of Typhus Rickettsiae 
Experiment No. Added substance | Concentration | pl. Or per br. 
mg. per mi. 
| None | 50.8 
DPNA | 0.5 | 35.3 
ADPR | 0.33 | 35.9 
2 None | 59.5 
DPNA 0.5 | 45.6 
ADPR 0.33 | 37.9 
3 None | 68 .6 
DPNA | 0.11 | 59.6 
ADPR 0.11 59.4 
DPNA | 0.33 56.9 
ADPR | 0.33 49.4 

DPNA | 0.99 43.6 
ADPR 0.99 | 42.6 
4 None | | 77.2 
DPN | 0.36 | 93.8 
ADPR 0.8 45.0 
ADPR and 0.8 a7 8 

DPN 0.36 


These experiments were carried out by the usual Warburg technique. Each flask 
contained potassium glutamate, 0.014 MgCl,, 0.002 MnCl,, 0.00033 mM; potassium 
phosphate, 0.02 mu, pH 7.3; KCI, 0.12 m; 0.7 ml. of a rickettsial suspension whose 
concentration was equivalent to 2 gm. per ml. of original infected yolk sac. DPN 
or ADPR was added in the indicated concentrations. The total volume was 1.5 ml. 


Leloir, and Cardini (13) and contained adenine, ribose, and phosphorus in 
a molar ratio of 1:1.8:2.1. 

A solution containing 5 mg. of ADPR per ml. was assayed for its effect 
on the oxygen consumption and stability of the rickettsiae. The results 
are summarized in Tables Il and III. From these data it can be seen that 
ADP isolated as the free acid by ion exchange chromatography can ac- 
count for the inhibitory effect of DPNA. 


‘nt 
en | 
he 
u- 
ol- 
te. 
‘as 
ils 
in 


768 ISOLATION OF RICKETTSIAL INHIBITOR 


As found earlier with autoclaved DPN (1), the inhibitory effect of ADPR 
was prevented completely by simultaneous addition of DPN (see Tables 
II and III). The nature of the effect of ADPR on the rickettsiae was 
further investigated in the following experiment. A suspension of washed 
rickettsiae at a concentration corresponding to 0.2 gm. of original infected 
yolk sac per ml. was divided into two parts; to one part 0.6 mg. of DPNA 


Taste Ill 
Effect of Autoclaved DPN and ADPR on Stability of Typhus Rickettsiae at 34° As 
Measured by Their Hemolytic Activity 
Hemolytic end point® 


0 mg. DPN per ml. 0 mg. DPN per ml 0.27 me. DPN per mil 
Concentration of inhibitor 
Inhibitor added 


DPNA ADPR ADPR 
per mi. 

0 2.8 2.38 4.0 
0.25 0.7 <0.3 44 
0 2.2 2.2 3.0 
0.11 1.3 1.2 
0.21 0.62 0.61 
0.42 <0.3 <0.3 


In the above experiments washed rickettsiae were incubated in the basal sucrose 
medium described by Bovarnick et al. (1) with the addition of the indicated concen. 
trations of native DPN, DPNA, or ADPR. The rickettsiae were added in a concen- 
tration equivalent to 0.1 gm. of original infected yolk sac per ml. Samples were 
removed for assay of hemolytic activity before and after incubation for 16 hours at 
34°. 

* The figures given for the hemolytic end-point represent the denominator of the 
dilution required to give an optical density reading of 0.3 in the hemolysin assay 
carried out as described by Snyder et al. (17). 


per ml. was added. Both were left at 34° for 1 hour, then centrifuged for 
45 minutes at 5000 r.p.m. The precipitates were resuspended at the usual 
concentration corresponding to 2 gm. of infected yolk sac per ml. and tested 
for their rate of oxygen uptake with glutamate as substrate. Trichloro- 
acetic acid extracts of these precipitates were also assayed for DPN con- 
tent, as described elsewhere.' The results are shown in Table IV. After 
removal of DPNA by centrifugation, the rate of oxygen uptake by the 
DPN A-treated rickettsiae remains lower than that of the control organisms. 
However, in the presence of added DPN the rate of oxygen uptake is the 


' Bovarnick, M. R., and Allen, E., to be published. 
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same with both preparations. Thus at the concentration of DPNA used, 
its inhibitory effect is completely reversible by DPN and the data are con- 
sistent with the assumption that ADPR, probably in a competitive manner, 
brings about a reversible dissociation of DPN from the rickettsiae. At 
higher concentrations of ADPR the inhibition is no longer completely 
reversible, especially when the DPN is added after the ADPR, as in the 
above experiments. No attempt was made to study quantitatively the 
competition between DPN and ADPR in the rickettsial system, since other 
experiments had indicated that free DPN is destroyed fairly rapidly in 


Taste lV 


Reversal of Autoclaved DPN Inhibition of Orygen Uptake of Typhus Rickettsiae by 
Subsequent Addition of DPN 


Rate of oxygen uptake, sl. per mi. 
per hr. 


Treatment of rickettsiac® Substance added during Os uptake | Consens 
measurements 
DPN DPNA 
Lhr., 34°... .. | 13 0.94 
Autoclaved DPN for 1 hr., 34° M4 109 | 0.74 


The oxygen uptake experiments were carried out as described in Table Il. DPN 
was added as indicated in a concentration of 0.56 mg. per ml.; autoclaved DPN 
in a concentration of 0.54 mg. per ml. 

* See the text. 

t Estimated concentration in the indicated rickettsial suspension. 


concentrated suspensions of rickettsiae, probably by the accompanying 
yolk sac impurities.' 

It seemed of interest to determine whether ADPR would compete with 
DPN in some other DPN-requiring system more suited to quantitative 
studies. The system selected was the following: 


aldolase 
(a) Fructose diphosphate —» triose phosphate 


DPN 
triosephosphate dehydro- 
(b) genase, alcohol dehydro- 

genase, arsenate 


Triose phosphate + acetaldehyde 


phosphoglyceric acid + alcohol 


The above reaction results in the formation of | mole of acid which was 
detected by the liberation of CO, from bicarbonate by the usual Warburg 
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manometric procedure. The effect of addition of ADPR on the rate of 
evolution of CO, in this system at various concentrations of DPN was 
studied. Preliminary experiments indicated that ADPR was indeed an 
inhibitor. To determine whether the inhibition by ADPR was competitive 
the rate at varying concentrations of DPN was measured in the absence 
and presence of a given concentration of ADPR and a typical Lineweaver 
and Burk (18) plot was constructed as shown in Fig. 2. The linear relations 


— 


ro) 
@ 


IZV (wiCO,/15 MIN.) 


0.4 0.8 1.2 1.6 
I/DPN (27FLASK) 


Fic. 2. Lineweaver and Burk plot for determination of Appx and Kappr. Experi- 
ment 1, X; Experiment 2, O. Curve A = DPN + 0.90 mg. of ADPR; Curve B = 
DPN + 0.45 mg. of ADPR; Curve C = DPN. Each flask contained the following 
components: in the main chamber, 32 wmoles of fructose diphosphate, 60 smoles of 
CH,;CHO, 22 uwmoles of arsenate, 2 wmoles of glutathione, 150 ymoles of NaHCO,, 
DPN, ADPR as indicated in a total volume of 2.8 ml.; in the side arm, 0.18 mg. of 
aldolase, 0.3 mg. of triosephosphate dehydrogenase, 0.06 mg. of alcohol dehydrogen- 
ase, 11 wmoles of NaHCO,, 0.9 umole of glutathione in a total volume of 0.2 ml. The 
manometers were gassed with 4 per cent CO, for 5 minutes, then closed, and shaken 
for 10 minutes before mixing in the enzymes. 


obtained and the common origins and different slopes indicate that this is a 
true competitive inhibition. The ratio of Axpp, to Apps calculated from 
these data is about 32, which indicates a relatively high degree of antag- 
onism between ADPR and DPN. In this same system a concentration of 
adenylic acid at least 4 times that of ADPR is required to produce the same 
amount of inhibition. 


DISCUSSION 


These results indicate that the nearly quantitative conversion of DPN 
to ADPR upon autoclaving can account for the observed inhibition of 
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Madrid E typhus rickettsiae following this treatment. The stoichiometric 
amount of nicotinamide that is produced does not have any effect on the 
rickettsiae, and adenylic acid, produced in traces by autoclaving DPN, 
must be present in amounts greater than the original concentration of DPN 
before it will inhibit the rickettsial activity even slightly. The activity of 
ADPR in the rickettsial system appears to be due to a direct antagonism 
to DPN. This antagonism might be exerted in a number of possible 
enzyme systems concerned with the respiration of the organism, but a 
clarification of the exact mechanism must await further elucidation of the 
metabolic pathways present. Studies with purified enzymes show that 
ADPR is a competitive antagonist of DPN in the artificial fermentation 
system described above. 

That ADPR should show DPN antagonism in the two systems studied 
is not surprising in view of the reported effects of a variety of adenine deriva- 
tives on certain other DPN-requiring systems. Williams (19) found ade- 
nine, adenosine, and adenosinetriphosphate to be competitive inhibitors of 
the malic dehydrogenase system, adenosinetriphosphate being somewhat 
more inhibitory than the other two compounds. More recently Wang 
and Kaplan (20) have found that adenosine-5-phosphate is an inhibitor of 
the DPN kinase system, whereas the 2’- and 3’-phosphates had little 
effect; adenosinediphosphate and ADPR were more strongly inhibitory 
than the 5’-phosphate. These observations are in line with those reported 
here and indicate that those adenine derivatives whose structure most 
closely approximates that of DPN are the strongest inhibitors of a variety 
of DPN-requiring enzymes. 


SUMMARY 


The main products formed by autoclaving diphosphopyridine nucleotide 
have been isolated by ion exchange chromatography and have been identi- 
fied as nicotinamide and adenosine diphosphoribose. Traces of adenine 
and adenylie acid are also produced and a small amount of DPN may re- 
main unaffected. 

Adenosine diphosphoribose was found to inhibit the action of DPN in 
typhus rickettsiae and in an isolated enzyme system requiring DPN. 
With the enzyme system used, this inhibition was competitive. With the 
rickettsiae, the inhibition of DPN by ADPR accounted for the inhibition 
found with autoclaved DPN. 
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DIFFERENTIAL CONVERSION OF SPECIFICALLY LABELED 
GLUCOSE TO 


By BERNARD W. AGRANOFF, ROSCOE O. BRADY, 
AND MARTIN COLODZIN 


(From the Department of Chemistry, United States Naval Medical School, and the 
Radioisotope Laboratory, United States Naval Hospital, National Naval 
Medical Center, Bethesda, Maryland) 


(Received for publication, June 15, 1954) 


Evidence for the existence of extraglycolytic pathways of glucose me- 
tabolism has recently been reviewed (2, 3). Recovery of radioactivity 
from glucose-1-C™ has been compared with the total CO, produced (4), 
with yields from uniformly labeled glucose (5), and with yields from glu- 
cose-6-C™ (6, 7) in various biological systems. 

The present experiments describe the recovery of C“O, from glucose- 
1-C™, glucose-2-C™, and glucose-6-C™, when incubated with mammalian 
tissue slices.'. Alterations in glucose utilization under varying cytophysio- 
logical conditions are described. 


Methods 


Rats and mice were sacrificed by cervical fracture. Tissues were chilled 
immediately and sliced in a Stadie-Riggs slicer. Slices were kept cold, 
moist, and oxygenated on filter paper, and then blotted once, and a given 
weight, usually 500 mg., was added to 4.5 ml. of Krebs-Ringer bicarbonate 
buffer and 0.5 ml. of glucose solution containing 0.2 ye. of C™ in 20 mg. 
of glucose.” 

The tissue-buffer mixtures were gassed with 95 per cent O2-5 per cent 
CO, in metabolic flasks similar to those previously described (5, 8), but 
having a side port with a rubber stopper. After incubation for 3 hours 
at 37.8°, 0.5 ml. of 5 n KOH was injected into the center well and 0.35 ml. 
of 5 N H.SO, into the incubation mixture through the rubber stopper. 
After an additional 30 minutes, the center well contents were transferred and 
diluted with water to a fixed final volume. Total CO, was measured with 


* A preliminary report of this work was presented before the Federation of Ameri- 
can Societies for Experimental Biology, Atlantic City, April, 1954 (1). The opin- 
ions expressed herein are those of the authors and should not be construed as neces- 
sarily representing the opinion of the Naval Service. 

' The authors are indebted to Dr. H. 8. Isbell, National Bureau of Standards, for 
the glucose-C" preparations. 

?0.5 ml. aliquots of isotope solution were poured into depressions in aluminum foil 
pressed over a porcelain spot plate and frozen in a deep freeze, and the pellets then 
added as needed. The substrate activity was checked by counting in formamide. 
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the Van Slyke manometric apparatus. An aliquot of the KeCO, solution 
was treated with a BaCh-NH,Cl solution, the BaCO, precipitate was 
washed and plated, and the radioactivity was determined in a proportional 
flow counter. 

Rats of the Long-Evans strain were used, and, except as noted, were 
maintained on Rockland chow. Rats designated “prefed’’ were given a 


Tasie I 


Effect of Diet on Recovery of CO, from Specifically Labeled Glucose 
Incubated with Slices of Rat Liver Tissue 


Rat No. Diet Position labeled 
| | | per cent 
1 Rockland chow 1 | 4.8 
2 3.1 0.64 
6 | 1.6 0.33 
2 1 | 5.2 
2 3.4 0.65 
6 1.7 0.35 
3 High glucose | 1 | 14.0 
6 4.1 0.29 
4 ] 18.0 
6 | 5.0 0.28 
5 Fasted 48 hrs. l 3.8 
| 2 0.86 0.25 
6 1.4 0.36 
6 1.1 
2 0.51 0.46 
qa * 6 0.08 0.62 
2 0.46 0.53 
6 0.68 0.78 


* Radioactivity recovered as COs. 


ground ration containing one-third glucose and two-thirds Rockland 
chow. Liver tumors were induced by a low riboflavin, 0.0 per cent di- 
methylaminoazobenzene diet for 3 or more months (9). These rats were 
returned to the regular diet for several weeks prior to sacrifice. To induce 
liver regeneration, median and left lateral lobes were removed under light 
ether anesthesia 3 or 4 days prior to sacrifice. 

Normal and transplanted hepatoma-bearing C3H. An mice® were main- 
tained on Purina chow. 


+ Generously supplied by Dr. H. B. Andervont, National Cancer Institute. 
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Taste Il 


Recovery of C™O, from Specifically Labeled Glucose Incubated with Slices of 
Regenerating Rat Liver Tissue* 


- 


Rat No. | Position labeled | Rat 
1 3 | 1 | 7.4 | 
| 6 | 40 | 0.54 
2 3 1 | 
6 2.9 0.47 
3 3 1 6.2 
6 2.7 0.44 
4 4 l 5.7 
6 4.2 0.74 
5 (Splenectomy) 3 1 12.0 
6 4.0 0.33 


* The rats were fed the high glucose diet postoperatively. 
t Radioactivity recovered as C™O,. 


Ill 


Recovery of C’Os from Specifically Labeled Glucose Incubated with Slices of Butter 
YVellow-Induced Hepatoma 


Rat No. Position labeled Rat | ” 
per cent | 
1 l 4.7 
6 3.1 0.67 
2 1 3.1 
6 1.7 | 0.55 
3 l 2.8 
6 1.7 | 0.61 
4 1 7.4 
6 4.2 0.57 


* Radioactivity recovered as C™O,. 


Results 


Preliminary results with diaphragm indicated equal values‘ for R; and 
R., with an approximately 20 per cent higher value for Re. Kidney slices 
failed to indicate a predominance of 2; over Re. 

The values for liver (Table I) are in agreement with the findings of 


* The following abbreviation is used, 2, = (microcuries CO, recovered)/(micro- 
curies glucose-n-C™) 100, where n = the position labeled with C™ in the glucose 
substrate. 
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other investigators (5). Ratios are computed from F# values obtained 
from the same rat. Liver slices from rats which were prefed with a high 
glucose diet yielded a 3-fold increase of C“O:, but the We: A; ratio did not 
change significantly. Fasting caused a decrease in the yield of COs, a 
rise in the Re: R; ratio, and a fall in R, to considerably less than Re. Liver 
slices from alloxan-diabetic rats produced values indistinguishable from 
those from fasting rats. The addition of insulin im vitro produced no 
effect upon A, Ro, or Re. 


Tapie lV 


Recovery of CO, from Specifically Labeled Glucose Incubated with Slices of 
C3H /An Mouse Liver and Transplanted Hepatoma 


Experiment No. Tissue Position labeled R.* x 
per cont 
1 Hepatoma 1 3.8 
6 1.6 0.41 
2 l 3.4 
” 6 1.5 0.43 
Liver 1 0.90 
6 0.67 0.75 
3 Hepatoma 1 1.9 
6 1.1 0.56 
Liver 1 1.3 
- 6 1.1 0.83 
4 Hepatoma 1 22.0 
6 2.4 0.11 
Liver 1 3.2 
6 1.1 0.36 


* Radioactivity recovered as COs. 


Studies with regenerating rat liver (Table II) showed an A: R; ratio 
similar to that for fasting liver. However, the amount of C™O, recovered 
was not depressed so markedly as in fasting liver; therefore, the increase in 
the Re: Ri ratio may not be attributed to postoperative fasting, but rather 
to some other metabolic alteration. There was no significant deviation 
in liver slices from a postoperative splenectomized rat from those of normal 
rats. 

Results of experiments with butter yellow-induced rat liver tumors are 
presented in Table III. Histologic section revealed tumors of possible 
epithelial origin rather than true hepatomas. It was therefore decided 
to investigate histologically true hepatomas. C3H/An mouse hepatomas, 
dorsally transplanted through four to five passages, were selected for 
study. The Rs: R, ratios obtained with liver slices from five tumor-free 
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mice varied from 0.39 to 0.77. Since the size of the liver also varied, it 
was felt that this variation might be a reflection of feeding ad libitum. It 
was therefore decided to incubate the tumor and the liver of each mouse 
(Table IV). In contrast with the induced rat tumor, the mouse hepatoma 
consistently produced a lower As: /; ratio than the liver. Hepatomas 
producing large amounts of CO, showed the lowest /’,: 2; ratios. 


Taste V 


Recowery of CO, from Specifically Labeled Glucose Incubated with Slices of Maternal 
and Fetal Liver Tissue 


Rn 


Rat No. Tissue Position labeled | R.* RB 
per cent 

1 Maternal 1 | 3.6 
ee 6 | 0.71 0.20 

Fetal | 1 | 2.5 
ee 6 | 1.1 0.42 

2 | Maternal | 1 | 4.7 
6 | 0.99 0.21 

Fetal 1 6.8 | 

| . 6 | 2.4 0.35 

3 Maternal 1 5.5 
| . | 2 | 2.8 0.52 
| “ | 6 1.8 0.33 

Fetal 1 | 9.3 
“ 2 | 8.1 | 0.87 
“ 6 | 5.6 0.61 

4 Maternal 1 | 6.1 | 

| “ 2 | 3.0 0.48 
| | 6 2.0 0.32 

Fetal 1 4.0 
| ae 2 2.9 | 0.72 

6 1.3 


0.32 
* Radioactivity recovered as 


Fetal rat liver slices (16 to 18 days gestation) yielded a slightly higher 
R,: R, ratio (Table V) than that obtained with normal rats. The ratio 
for maternal liver was considerably lower than that for normal rats. Rat 
4, Table V, was sacrificed at term. 


DISCUSSION 


Let us consider first, in simplified form, two pathways for glucose catab- 
olism: (a) the Embden-Meyerhof, or glycolytic pathway, 


Glucose triose CO; 


| 
h 
| 
| 
| 
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and (b) the Warburg-Dickens, or hexose monophosphate route, 
CO, 
Glucose ——> + C, --- —> CO, 
pentose + 


triose CO, 
where S = the relative rate of conversion under the conditions of the 
experiment. 


The CO, formed from the 3 carbons of triose measured with lactate 
carboxyl-C™, a-C™, and 8-C™ is produced at three different rates, Reoon > 
R, > Rs. It is expected that for glucose undergoing glycolytic degrada- 
tion that Rs; = Ry > Re = Re > Ry = Re. 

Katz et al. (10) have shown that the /,.4<. value of Bloom, Stetten, and 
Stetten (5) indicates (assuming that S,; = 0) the fraction of C-1 eof ghicose 
converted to CO, via glycolysis. Thus /,,.<. indicates the fraction of 
glucose completely degraded to COz and 1 — Eys.. the fraction converted 
to CO, and pentose or other intermediates, if Ry < R, and Ry < Reoon. 
The £ of Katz et al. represents under the same restriction, @.c. that Sy = 0, 
the fractional contribution of the glycolytic pathway to the total CO, 
produced. 

In the present study, Re: Ry = (C™O>s via S2)/(C™Oy via + CMO, 
via S;) if Sy = 0. The ratio thus represents the maximal fraction of C-1 
of glucose which is converted to COs: via glycolysis. 

Again, if Sy = 0, it would be expected that Ro: R,e = Ry: Ry of lactate. 
This is true in diaphragm, when our value (22:2. = 1.2) is compared with 
that for R,: Rs (1.23) of Bloom et al. (5). 

In normal liver, we find Ry: R, = 2, while the reported value for R,:R, 
in liver is 1.38. If Sy # O and, further, the C-2 of glucose now in the 
2-carbon fragment is oxidized to CO, more rapidly than the C-6 of glucose 
now in the triose formed, the above discrepancy could be explained. The 
conversion of ribose-1-C™ to labeled acetate (11) and to glucose-1 .3-C™ 
(12) has been demonstrated. Furthermore, accumulation of pentose 
during the 3 hour incubation was not detected. 

Several other factors which may possibly influence values should be 
considered: (1) S; is reversible (13). It is possible that C-1 of glucose 
rapidly interchanges with the CO, of the system. This would increase the 
recovery of CO, without a net production of CO, (2) Triose from (a) 
or (b) may recondense to form hexose diphosphate and then glucose-6- 
phosphate with C-6 of the original glucose in the C-1 position. (3) Trans- 
ketolase may react with fructose-6-phosphate with the liberation of active 
glycolaldehyde containing C-1 and C-2 of glucose (14). This mechanism 
could also explain the R,:R¢ ratio present in liver. (4) The oxidative 


| 
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mechanism of Entner and Doudoroff (15), in which the C-1 of glucose 
becomes the carboxyl carbon of pyruvate, would increase R; if present in 
the systems we have investigated. 

Until it is possible to evaluate all of the catabolic mechanisms for glu- 
cose, it would seem inadvisable to attempt quantitative interpretation. 


SUMMARY 


Mammalian tissue slices were incubated with glucose-1-C", glucose- 


2-C™, and glucose-6-C"™, and the amount of C™O, formed from these posi- 
tions was determined. The radioactivity recovered as C™“O, from C-6 
compared with that from C-1 was found to be ~0.3 in normal rat liver 
and ~1 in kidney and diaphragm. The liver ratio was found to be ele- 
vated in regenerating, fetal, fasting, and induced tumor liver, and decreased 


. in maternal liver during pregnancy and in transplanted mouse hepatoma. 

The authors wish to express their thanks to Dr. B. L. Horecker for his 
frequent advice and encouragement. 
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KINETIC STUDIES ON THE “INFLUX” OF GLYCINE-1-C" 
INTO THE EHRLICH MOUSE ASCITES 
CARCINOMA CELL* 


By ERICH HEINZ 


(From the Department of Biochemistry and Nutrition, Tufts College 
Medical School, Boston, Massachusetts) 


(Received for publication, June 17, 1954) 


The free cells of the Ehrlich mouse ascites tumor transfer amino acids 
into their interior rather more actively than do most cells of mammalian 
organisms (2). Christensen and Riggs observed that glycine could be as 
much as 20 times as concentrated in the interior of the isolated cells as in 
the surrounding fluid. Since the amino acids could readily be extracted 
and recovered from these and other cells, the amino acids must either be 
free or in a combination which is very readily broken; for example, by 
extraction with amino acid-free saline solutions. If the amino acids are 
free in the cell, their concentration must be the result of an active trans- 
port. If they are not free, they may instead enter the cell by free diffusion, 
prior to binding to some cytoplasmic constituent. Gale (3) has recently 
tended toward the latter view based on results of Britten. 

A distinction between these two modes of entry, active transport and 
diffusion, is not possible from the steady state distribution reached by an 
amino acid, because identical distribution ratios may result by either 
process. Nor does the dependency of the transfer upon respiratory or 
other metabolic processes establish an active transport; an endergonic 
binding process may explain this requirement. 

More detailed information as to the transfer process can be obtained by 
kinetic methods, especially the separate study of the rates of influx and 
efflux, which is made possible by isotopic labeling of amino acids. The 
present paper reports experiments of this nature with C'-labeled glycine. 

The first step was to learn whether glycine enters the cell by free diffu- 
sion or otherwise. The influx can be obtained from the initial rate of 
uptake of labeled glycine, before the back-transfer of radioactive glycine 
becomes significant in relative magnitude. 


EXPERIMENTAL 


Tumor cells were propagated in mice as described by Christensen and 
Riggs (2). The ascitic fluid was aspirated with a syringe from a mouse 
* This investigation was supported in part by a grant (No. C-1268-C3) from the 


National Cancer Institute, National Institutes of Health, United States Public 
Health Service. A preliminary report of part of the work has been presented (1). 
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under ether anesthesia. The cells were separated from the ascitic plasma 
by centrifugation and resuspended in 0.11 osmolar Ringer-phosphate 
buffer, in which most of the accompanying red cells were hemolyzed. The 
tumor cells were centrifuged again and resuspended in the experimen- 
tal solution, 2.e., either in Krebs’ phosphate-Ringer or bicarbonate- 
Ringer solution. After an aerobic incubation period of about 10 minutes 
in the constant temperature bath, a solution of glycine-1-C™ (Tracerlab) 
was added to four samples simultaneously. After exactly | or 2 minutes 
the incubation was stopped by rapidly cooling the four samples together 
in a bath at —5° to —10° for 30 seconds. Immediately afterwards the 
samples were centrifuged at about 16,000 * g for 20 minutes in a water- 
cooled Servall centrifuge. After the supernatant solution was drained off 
thoroughly, the cellular mass was weighed and dried in small porcelain 
boats at 105°. The wet combustion procedure was applied to the dry 
residue, according to Van Slyke and Folch (4), by means of a device simi- 
lar to that recommended by Barker (5). The evolved CO, was precipi- 
tated as BaCO; (6) which was filtered in an E-8A “precipitation apparatus” 
(Tracerlab) and counted at infinite thickness on E-7 brass rings and disks 
(Tracerlab) with a windowless proportional counter (7) and a model 162 
sealing unit (Nuclear Instrument and Chemical Corporation, Chicago). 
The results were referred to mg. of dry weight of cells on the tentative 
assumption that the transfer process is concerned with the solid material 
rather than with the cell water and that secondary changes of the cell 
water during incubation or assay consequently would not directly affect 
the present results. 

This procedure implied two special sources of error. 

1. Since in most samples the radioactivity was higher in the cell than 
in the medium after the incubation, part of the intracellular activity must 
have been lost by back-diffusion during the centrifugation. It was not 
possible to determine the magnitude of this error precisely, but if we take 
into account the finding that the rate of passive diffusion was only a small 
fraction of the rate of active transport in these cells,' the average error was 
estimated to be well below 5 per cent. 

2. To avoid great losses by back-diffusion, the cells were not washed 
after the incubation period. Hence part of the radioactivity of the cellu- 
lar mass must be due to adherent medium. According to Solomon (8) 
red blood cells centrifuged at 1610 X g in special tubes are packed so as to 
include only 3 per cent of plasma, whereas for a centrifugal force of 20,000 
X g only 2 per cent was included (9). In contrast to red cells, the cancer 
cells centrifuged at 16,000 * g form a rigid precipitate which keeps its 
shape for hours. This probably occurs because they are more plastic than 


1 Unpublished results. 
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red cells and consequently trap less medium under similar conditions. 
With regard to the uptake of labeled glycine, besides the error due to — 
adhering medium, there may also be an error due to glycine adsorbed to 
the cell surface. Experiments with cell fragments, however, indicate that 
the adsorbed amount must be very small.' Hence, the average error due 
to both these factors is taken to be well below 5 per cent, which is the 
estimated over-all error of the experimental procedure described. Because 
it approximately cancels the error due to back-diffusion, a correction is 
omitted. 

The supernatant solution was deproteinized by being mixed 1:1 with 96 
per cent ethyl alcohol, followed by centrifugation. An aliquot of 0.1 ml. 
was plated on a circumscribed area of a copper planchet (Tracerlab), 
heated by an infra-red lamp. By an empirical conversion factor, the 
counts of these planchets could be compared with those from the precipi- 
tation technique. 

The total glycine was determined by the method of Alexander, Land- 
wehr, and Seligman (10), according to the recommendations of Christensen, 
Riggs, and Ray (11). 


Results 


Uptake with Time—Fig. 1 shows the extremely high rapidity with which 
the glycine entered the cell. The lines are drawn under the tentative 
assumption that the relative uptake follows the equation u = u,(1 — &**), 
in which « represents the uptake, u, the maximal uptake, / a constant, 
and ¢ the times in minutes. All uptake values in Fig. | refer to the rela- 
tive uptake (w/a); i.e., to the uptake per mg. of dry weight divided by the 
mean extracellular glycine level during the time interval under consider- 
ation. Since the extracellular volume was large compared with the cellular 
volume, the change in extracellular glycine level was small during the up- 
take and could be treated as linear in estimating the mean activity without 
appreciable error. The half time of saturation as determined from the 
curves is less than 3 minutes. The true initial rate could be obtained 
only by extrapolation, since examination of the uptake in time intervals 
shorter than | minute caused an appreciable error. The rate of relative up- 
take was considerably reduced by increasing the extracellular glycine con- 
centration. Although the uptake values after 1 minute were smaller than 
the extrapolated initial uptake rates, the ratio between the correspond- 
ing uptake values at different glycine concentrations did not change notice- 
ably during the first few minutes. 

Uptake Rate at Different Concentrations—The dependence of the rela- 
tive influx on the glycine concentration disagrees with Fick’s law. Ac- 
cordingly, this dependence was examined over a larger range of concen- 
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trations (Fig. 2). In order to reduce experimental errors, the uptake 
values after 2 minutes (u.) were used instead of the true initial rates, al- 
though Fig. 1 shows that after 2 minutes the uptake rate is already remark- 
ably lower than the true initial rate. Since, however, the relationship 
among the uptake values at different concentrations has already been 


2 
tz 
20+ 
a 
W 7 
< 
/ 
= 5} / / 
Z 
i 2 3 a 


MINUTES 


Fic. 1. Relative uptake of glycine by ascites carcinoma cells at 28° with time. 
©, relative uptake (u/a) from a 0.5 mm glycine solution; ©, from a 5.0 m™ glycine 
solution, in micromoles taken up per mg. of dry weight and per 1 mM outside glycine 
concentration (ul. per mg. per minute). The horizontal lines at the right denote 
the saturation values, extrapolated for the time from the equation given in the text. 
The broken lines at the left indicate by their slopes the true initial rates of relative 
uptake (relative influxes) also obtained by extrapolation. The arrows indicate the 
half time for the extrapolated maximal uptake. 


shown to be practically the same after 2 minutes as that among the ex- 
trapolated values for zero time, the shape of the curve obtained should 
not be significantly modified by this device. The uptake values after I 
and 2 minutes (™ and wz) will be referred to as ‘‘apparent initial rates” 
(vo) or “apparent influxes.”’ Fig. 2 shows that by plotting the apparent 
influxes against the corresponding concentrations of the extracellular 
glycine a curve is obtained which fits almost exactly the well known 
equation of Michaelis and Menten (lower curve). This relationship is 
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even more obvious after rearranging the equation to a straight line func- 
tion (upper curve). 

This typical experiment shows that the influx values may be fairly 
consistent within the same experiment. In comparing different experi- 
ments, however, with cells from different animals some variations are 
apparent. To get an idea of the average value of the influx and its de- 
pendence on the extracellular glycine concentration, the inverse relative 
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EXTRACELLULAR GLYCINE, mM 


Fic. 2. Apparent glycine influx as a function of extracellular glycine level. The 
lower curve and the ordinate scale at the left show the apparent influx in micromoles 
of glycine per gm. of dry cell weight in 2 minutes at 29°, measured isotopically. The 
curve is drawn from the equation of Michaelis and Menten inthe form ry = roa.. X 
(a/(a + K,,)), where ro is the apparent influx, vos. its maximal value ata = « , a 
the outside glycine concentration, and K,, the Michaelis constant. The upper 
curve refers to the rearranged equation a’/ro’ = (a + Ka)/reus, where a’ and 
re’ are measured in terms of radioactive counts per minute. 


influxes obtained from ten different experiments under similar conditions 
are plotted against the extracellular glycine concentration (Fig. 3). From 
the regression lines the following absolute values of the parameters can be 
estimated: at 28° rf... = 45 K 10°* mmole per mg. per minute; fk, = 
4.9 X 10° mmole per ml.; at 37° rh... = 57 K 10°* mmole per mg. per 
minute; k,, = 3.7 * 10* mmole per ml. The maximal relative influxes 
(~/a), extrapolated for zero glycine concentration, are 9.2 ml. per mg. per 
minute for 28° and 15.3 ml. per mg. per minute for 37°. 

Initial Rate of Uptake at Different Temperatures; Apparent Heat of Activa- 
tion—The apparent relative influx was measured for various glycine con- 
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centrations at 24° and 32.5° (Fig. 4). From the temperature coefficients 
an average heat of activation of 8600 calories can be calculated, assuming 
that the Arrhenius equation holds for this temperature range. 


= 


200 


EXTRACELLULAR GLYCINE, mM 


Fic. 3. Relative influxes from ten different experiments. The inverse values of 
the relative uptakes during the Ist minute are plotted against the extracellular gly- 
cine concentration, according to the rearranged equation of Michaelis-Menten (Fig. 
2, upper curve). © and the upper curve refer to the uptake at 28°; & and the lower 
curve, to the uptake at 37°. 
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Fic. 4. Dependence of the apparent influx on temperature. Ordinate, reciprocal 
of the apparent relative influx (a@’/ro’); abscissa, outside glycine concentration in mil- 
limoles per liter. The upper curve refers to the values obtained at 24°, the lower one 
to those at 32.5°. The two values in parentheses are not considered because they 
may reflect a systematic error according to the Chauvenet criterion. 


& 


ss 


co 


ur 


| 
| | 
° 
| 
“Me 
200 
| = 
| ce 
o ¥ 
| 
| 
mn 
500 gly 
a’ , me 
Ve 
400 400 
300 
200 
me 
100 firs 
fer 
dov 
mit 
sup 
mir 
inc) 
met! 
XUM 


its 


peal 
mil- 
one 
hey 


E. HEINZ 787 


Influence on Influx of Preineubation with Glycine—In the foregoing 
experiments the cells to which the labeled glycine was added had not been 
previously treated with glycine and, after the washing procedure, could be 
considered as being poor in glycine. In the following experiments cells 
were saturated with unlabeled glycine prior to the tracer experiment, in 
order to find out whether this had any influence on the apparent influx as 


Tasie I 
Influence of Preincubation with Glycine on Subsequent Influx 


The cells were preincubated for 10 minutes at 37° in a phosphate-Ringer solution 
containing unlabeled glycine (first incubation period). After centrifugation the 
cells were resuspended in « solution with labeled glycine and the uptake was meas- 
ured during the Ist minute (second incubation period). The pH was 7.05 in both 
samples. 


Initial glycine concentration in suspending fluid 
Relative influx 


ist incubation period | and incubation period 
mmoles per |. perl. mil. per mg. per aie. x 16 | 
10.0 2.5 15.8 
None 2.5 8.4 
Taste Il 


Influence of Time of Preincubation with Glycine on Influx 


The cells were preincubated at 36° in a phosphate-Ringer solution containing 1.5 
mmoles per liter of unlabeled glycine for different lengths of time before the labeled 
glycine was added. The uptake of radioactivity during the Ist minute was then 
measured. 


Time of preincubation Final glycine concentration Relative influx 
min. mmoles per |. mi. per mg. per min. 108 
0 1.45 9.2 
l 1.40 10.9 
2 1.42 11.7 
3 1.34 11.5 


measured isotopically. If the rate-limiting step of the uptake during the 
first few minutes is a binding process within the cell rather than the trans- 
fer through the cell boundary, then presaturation of the cell should slow 
down the apparent influx. The cells were therefore incubated for 10 
minutes in a solution rich in unlabeled glycine, then separated from the 
supernatant solution, and reincubated as usual with labeled glycine for 1 
minute. The results (Table 1) show that the pretreatment considerably 
increased the apparent influx over that of the controls. In another experi- 
ment cells were preincubated for various short periods with a 1.5 mm 
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glycine solution. The extracellular volume was kept large and hence the 
uptake of unlabeled glycine scarcely affected the outside concentration. 
At the end of the preincubation period the labeled solution, containing 
the same total glycine concentration as that applied during preincubation, 
was added. The apparent influxes are reported in Table II. They in- 
crease with increasing length of preincubation; 7.e., with increasing intra- 
cellular glycine concentration. 


DISCUSSION 


The final distribution ratio of glycine between intra- and extracellular 
water decreases with increasing extracellular glycine (2). If we are dealing 
with active transport, this finding means that this ratio does not represent 
the thermodynamic equilibrium ratio, which should be independent of the 
concentration. Instead it would indicate that there is a steady state in 
which the rates of active transport and passive back-diffusion are equal. 
If the active transport rate is limited to a certain maximal value, according 
to the Michaelis-Menten equation, and if the back-diffusion, according to 
Fick’s law, increases in proportion to the concentration gradient, the steady 
state will be characterized by the following relationship 

= (ae — ay) 
where Umax. 1s the maximal rate of active transport, a, and ay are the intra- 
cellular and extracellular glycine concentrations, respectively, k, the 
Michaelis constant, and kgi;;. the diffusion constant across the cell bound- 
ary. For the steady state distribution the following expression can be 
derived 


in which A is a constant, representing v{.ax./Kairs.. This equation fits the 
steady state values found experimentally (2). 

But exactly the same type of equation for the final distribution ratio 
can be derived on the basis that the glycine enters the cell by free diffusion 
and is bound inside the cell by some cytoplasmic constituent. The con- 
stants A and k,, have in that case, of course, a meaning different from that 
of the constants above. In the final state the concentration of the free 
glycine would be the same inside and outside, but the free inside glycine 
would be in equilibrium with a combined portion. The nature of the 
relationship between final distribution ratio and extracellular concentration 
of the amino acid therefore cannot alone differentiate between active 
transport and intracellular combination. 

The experimental results show that the relative influx decreases with 
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increasing concentration of the extracellular glycine. This disagrees with 
Fick’s first law of diffusion and seems to indicate that the glycine either 
enters the cell by so called restricted diffusion or undergoes a combination 
with a cellular substance of limited capacity during the first 2 minutes. 
The latter possibility agrees with the apparent heat of activation of the 
initial rate of uptake, which was found to be 8600 calories; 7.e., to be signifi- 
cantly higher than 4500 calories, the heat of activation of free diffusion 
(8). 

Whether this combination is with a carrier or of a more permanent nature 
can be decided only by determining whether or not the transport through 
the cell boundary is the rate-limiting step within the over-all uptake 
process in the first 1 or 2 minutes. The possibility which needs to be ex- 
cluded is this: that the glycine enters the cell very rapidly by free diffusion, 
while the subsequent binding inside the cell is fast enough to be appreciable 
during the Ist minute, yet, at the same time, slow enough to be rate-limit- 
ing within this time interval. Since the uptake comes close to the half 
saturation value after only 2 minutes, it is possible that the limited com- 
bining capacity of the hypothetical cell constituent already manifests 
itself by reducing the relative uptake during this time interval. If such 
is the case, preincubation with unlabeled glycine should slow down the 
initial uptake rate for labeled glycine, since the entering glycine molecules 
would find many of the combining places occupied. If for example the 
hypothetical combination is bimolecular, its rate would be 


dXa'’ 
dt 


= Ka' (Xo = Xa) 


X,) being the total concentration of the combining substance X; Xa’ and 
Xa, the combination products with labeled and unlabeled glycine; and k, 
the rate constant. The rate should be slower the more the combining 
substance is initially present as Xa. The experimental results, however, 
show that the uptake during the first minutes is increased instead of de- 
creased after presaturation with unlabeled glycine. This seems to indicate 
that the transport through the cell boundary is actually the rate-limiting 
step of the initial uptake rate. 

The characteristics of the initial uptake are therefore considered to refer 
to the transport through the cell boundary, and accordingly the glycine is 
concluded to enter the cell not by free diffusion but rather in a combined 
state. This view is supported by the increased initial uptake after prein- 
cubation with glycine, which suggests that the net exchange between the 
earrier-bound glycine and that inside the cell is increased by a higher 
concentration of intracellular glycine. That this transport in a combined 
state is active in nature will be the subject of a later paper. 
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The author is indebted to Dr. Halvor N. Christensen for his interest in 
these investigations and his support. The author also wishes to thank 
Dr. Harry H. Powers for his help and advice in designing the apparatus 
used. 


SUMMARY 


1. The apparent influx of glycine into Ehrlich mouse ascites tumor cells 
in vitro has been examined isotopically. The uptake is extremely rapid 
and reaches its theoretical half saturation value in less than 3 minutes. 

2. The apparent influx of glycine relative to the outside concentration 
decreases with increasing outside concentration in a manner which can be 
described by the Michaelis-Menten equation. 

3. The apparent heat of activation as calculated from the temperature 
coefficient between 24° and 32.5° is about 8600 calories and therefore 
higher than that of free diffusion. 

4. The apparent influx is increased after presaturation of the cells with 
unlabeled glycine. 

5. Accordingly glycine must be considered to enter the cell for the most 
part in a combined state and not by free diffusion. 
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A COLORIMETRIC DETERMINATION OF INORGANIC 
PYROPHOSPHATE* 


By RUTH M. FLYNN, MARY ELLEN JONES, ano FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, July 12, 1954) 


During recent work on the mechanism of the ATP-CoA-acetate' reaction 
(1, 2) we observed that, on incubation of yeast enzyme with ATP, CoA, 
acetate, and hydroxylamine, a substance was formed in the presence of flu- 
oride which, although initially colorless with the Fiske-Subbarow phos- 
phate reagents (3), slowly developed on standing a blue color of a somewhat 
more purplish shade than that obtained with orthophosphate. This pecul- 
iar color reaction reminded us of an earlier observation of Davenport and 
Sacks (4), who described a similar color reaction due to inorganic pyro- 
phosphate. The observation of the slow color development was an impor- 
tant step toward the identification of pyrophosphate as the product of the 
ATP-CoA-acetate reaction. This prompted us to attempt a use of this 
rather specific effect of inorganic pyrophosphate for its quantitative de- 
termination. 

During our efforts to work out such a method we became aware of con- 
siderable difference in the rate of coloring with different samples of the 
aminonaphtholsulfonie acid-sulfite-bisulfite reagent (3). It appeared that 
freshly prepared solutions showed very sluggish reaction, while aged solu- 
tions frequently, but rather inconsistently, gave a more rapid coloring. 
It was eventually found that the rate of color formation could be enhanced 
and stabilized by the addition of cysteine, glutathione, or other sulfhydryl 
compounds, including hydrogen sulfide. Hydrosulfite is also active and 
ascorbic acid has a slight but appreciable effect. By addition of the sulf- 
hydry! compound the rather erratic behavior of ordinary reagents could be 
eliminated and, for practical purposes, cysteine was chosen as a most con- 
venient accelerator. Addition of eysteine does not affect the color due to 
orthophosphate. 

The effeet of various concentrations of cysteine on the color produced by a 
standard amount of 0.5 ymole of pyrophosphate is presented in Fig. 1, from 


* This work was supported in part by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, the 
Life Insurance Medical Research Fund, and the Rockefeller Foundation. 

t Research Fellow of the American Cancer Society. 

‘ATP = adenosinetriphosphate; CoA = coenzyme A. 
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which it may be seen that the rate of color development is approximately 
proportional to the cysteine concentration. It appears, furthermore, that 
at lower concentrations of cysteine the curve has a slightly autocatalytie 
shape and that practically no color is formed in the first 5 to 10 minutes. 
Fig. 1 also demonstrates that the color cannot be due to a hydrolysis of 
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Fic. 1. Color-time curves for various concentrations of cysteine and 0.5 smole of 
pyrophosphate in 10 ml. The arrow on the ordinate indicates the color reading 
equivalent to 1 umole of orthophosphate, which would correspond to complete hy- 
drolysis of the 0.5 umole of pyrophosphate present. 


pyrophosphate, since the phosphate equivalent of inorganic orthophos- 
phate, as indicated on the scale, would correspond to a molybdate color of 
only 232 Klett units, while, with the high concentration of cysteine, read- 
ings nearly 4 times that developed. In view of the fact that cysteine does 
not affect the color with inorganic orthophosphate, the pyrophosphate 
effect may be due to interaction between pyrophosphate and the molyb- 
date reagent of a catalytic nature. No attempts to explore this mecha- 
nism have been made. 

Since in most solutions used for such determinations inorganic phosphate 
would be present in addition to the pyrophosphate, it was important to 
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explore the possibility of a differential determination of the inorganic ortho- 
phosphate and pyrophosphate with the same molybdate reagent. If in- 
organic orthophosphate and pyrophosphate are together in solution, the 
color for the inorganic phosphate (P,) forms independently and almost 
immediately and can be read after 5 to 7 minutes incubation at a time when, 
as shown in Fig. 1, the pyrophosphate (PP) color has not yet started to 
develop at lower PP concentrations. In order to obtain a differentia- 
tion between P,; and PP in the same sample a cysteine concentration of 70 
umoles per 10 ml. was chosen. Under these conditions the 7 minute read- 
ing gives the P, value, while the difference between the 90 and 7 minute 


90 MIN. KLETT READING 


o5 02 03 
INORGANIC PYROPHOSPHATE , pM 
Fic. 2. Standard curve for pyrophosphate with and without inorganic phosphate 


readings is our measurefor PP. It isobvious that an exact timing is abso- 
lutely necessary to obtain comparable results. Fig. 2 presents results ob- 
tained by this method for both inorganic phosphate and pyrophosphate. 
The two curves present the results with various pyrophosphate concen- 
trations in the absence and in the presence of inorganic phosphate. 


Procedure 


Reagents— The reagents are those used in the Fiske-Subbarow method for 
the determination of inorganie orthophosphate (3), with the addition of 
eysteine. 

Molybdate solution. 2.5 per cent ammonium molybdate in 5 n H.SO,. 
This is the Molybdate I of Fiske and Subbarow (3). 

Eikonogen solution. Dissolve 29 gm. of NaHSO, and | gm. of NaSO; 
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794 INORGANIC PYROPHOSPHATE 
in 200 ml. of water. Grind 0.5 gm. of 1,2.4-aminonaphtholsulfonie acid 
(eikonogen, Eastman) in a mortar with a little of the sulfite-bivulfite solu- K 
tion. Wash with the remainder of the same solution and filter. vi 
Cysteine reagent. A solution of cysteine hydrochloride (Merck) is pre- | w 
pared containing 175 wmoles per ml. This may be stored in the deep freeze at 
for at least a month. | 
le: 
I tu 
Correction for Orthophosphate 0. 
Klett readings 
P; Per cent 
After 7 min. After 9 min 
0.258 56 62 6 10.7 
0.387 &3 93 10 12.0 
0.516 111 124 13 11.8 | 
0.645 138 155 17 12.3 
0.774 165 186 21 12.8 | 
Correction for orthophosphate after standing for 90 minutes in the presence of 
70 wmoles of cysteine per 10 ml.; room temperature, about 24°. 
80 
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The procedure given below is for a total volume of 10 ml. and for use of a 
Klett-Summerson colorimeter. For small quantities of pyrophosphate the 
volume may be reduced to 5 ml., or | ml. if a Beckman spectrophotometer 
with micro cells is used, in which case all reagents are reduced proportion- 
ately. 

A sample containing 0.1 to 0.5 ymole of pyrophosphate and preferably 
less than | wmole of inorganic phosphate is put into a 10 ml. volumetric 
tube. Water to approximately 7 ml., 1.0 ml. of molybdate reagent, and 
0.4 ml. of cysteine solution (70 gmoles) are added to all tubes. Then 0.4 


100 


% OF THEORETICAL COLOR 


10 100 500 
pM VERSENE PER 10 ML. TOTAL VOLUME 
Fic. 4. Semilog graph showing the effect of Versene on pyrophosphate and ortho- 
phosphate color. Orthophosphate is affected only when the Versene concentration 
becomes equivalent to or higher than the molybdate concentration; ¢.¢. 300 umoles 
in 10 ml. 


ml. of eikonogen solution is added and the volume of each tube is brought 
to 10 ml. with water. The contents are mixed immediately. After stand- 
ing for 7 minutes at room temperature of about 25°, the sample is read with 
filter No. 66. 

The sequence of additions is not particularly important. It is, however, 
advisable to add eysteine before the eikonogen in order to time rather ex- 
actly from the addition of the color-developing reagent. 

Exact timing is very important and therefore additions of eikonogen are 
spaced 4 lo | minute apart. Readings are made at the same time intervals 
after 7 and 90 minutes exactly. Exact timing is necessary because, as 
shown in Fig. 2, the color is still increasing appreciably at the time of the 
*") minute reading. Indeed, the choice of a relatively low concentration of 
cysteine was made to minimize the timing error. 
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With high PP: P, ratios it is advisable for the determination of inorganic 
phosphate to use an extra sample in which cysteine is omitted. 

On the other hand, with high P;: PP ratios a color increase with inorganic 
phosphate during the 7 to 90 minute interval may introduce appreciable 
error. As shown in Table I, the color increase during this interval is rela- 
tively slight and proportional to concentration. Table I is used to obtain 
the correction factor for the inorganic phosphate present as determined by 
the 7 minute reading. 

A further correction has to be applied if adenosine polyphosphates are 
present. On standing for 90 minutes, as shown in Fig. 3, some color de- 
velops with ATP (see also Weil-Malherbe and Green (5)) which is pro- 
portional to concentration and independent of the presence of pyrophos- 
phate. The necessary correction is relatively small; it amounts to 0.05 
umole of pyrophosphate per micromole of ATP. 

In higher concentrations Versene was found to interfere with the color 
development with pyrophosphate. However, a concentration up to 0.5 
umole in 10 ml. is without effect under our conditions; 1 wmole inhibits 
just about 10 per cent. But higher concentrations have to be avoided 
(see Fig. 4). 

The cysteine-catalyzed color reaction described here is generally given 
by solutions of inorganic polyphosphates, including metaphosphate. 
Adenosine polyphosphate, however, does not have this effect; there, the 
slight color increase presumably is due to hydrolysis to orthophosphate. 


SUMMARY 


A colorimetric method is described for determination of 0.05 to 0.5 ymole 
pyrophosphate in which use is made of a cysteine-catalyzed color effect 
with the molybdate reagent of Fiske and Subbarow. 
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PYRUVATE AND ACETATE METABOLISM IN THE ISOLATED 
RAT DIAPHRAGM* 


By JOHN M. FOSTERT anp CLAUDE A. VILLEE} 
(From the Department of Biological Chemistry, Harvard Medical School, and the 
Research Laboratories of the Boston Lying-In Hospital, 
Boston, Massachusetts) 


(Received for publication, June 28, 1954) 


Previous experiments (1-6) have indicated that, in addition to an im- 
pairment of glucose utilization, diabetic muscle suffers some involvement 
of its oxidative metabolism. Villee and coworkers (1-3) and Pearson et al. 
(5) reported that the utilization of pyruvate by the isolated diabetic rat 
diaphragm was significantly lower than normal. In addition, the oxida- 
tion of pyruvate-2-C" and acetate-1-C" to CO, was depressed. The 
metabolism of pyruvate could be restored to normal by addition in vitro 
of insulin; that of acetate could not. Insulin was without effect, however, 
on either pyruvate or acetate metabolism in normal tissue. Charalampous 
and Hegsted (6) injected p-aminobenzoate into normal and diabetic rats 
and found that the rate of acetylation was much less in diabetic animals. 
Insulin restored the acetylation to normal. The rate was also restored by 
injection of various members of the Krebs cycle, diacetyl, acetyl phosphate, 
or adenosinetriphosphate, but not by pyruvate or lactate. 

These observations suggest that one or more of the reactions of the 
citric acid cycle or of the incorporation of pyruvate and acetate into the 
cycle are interfered with in diabetes. They do not, however, establish the 
precise location of this interference. The observation that insulin added 
in vitro does not increase acetate metabolism in diabetic muscle raises the 
question of whether the changes in metabolism of diabetic diaphragm are 
due directly to insulin lack. The present paper reports experiments in 
which pyruvate-l-, 2-, and 3-C™ and acetate-l- and 2-C™ were used to 
study these reactions in greater detail. 


Materials and Methods 


Animals—Male Wistar rats, weighing between 150 and 200 gm. when 
fasted 24 hours, were used in all experiments. Diabetes was induced by 
injection of 45 mg. per kilo of alloxan into the femoral vein. Only those 


* From a thesis presented by John M. Foster to the Division of Medical Sciences’ 
Harvard University, in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

t Fellow of The National Foundation for Infantile Paralysis, 1952-54. 

t Aided by a grant from the Charles A. King and Marjorie King Fund. 
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animals with a blood sugar of 200 mg. per cent or higher after a 24 hour 
fast were included in the diabetic series. All rats were fasted 24 hours 
before being used in an experiment. 

Substrates—Carboxyl- and methyl-labeled acetate were obtained from 
Oak Ridge; carbonyl- and methyl-labeled pyruvate were synthesized from 
them by standard procedures (7). Carboxyl-labeled pyruvate was syn- 
thesized from sodium acetate and NaC™N by similar methods. 

Medium—The medium in all experiments was identical with that em- 
ployed by Villee and Hastings (1) and contained 0.040 m sodium phosphate, 
0.005 m MgCl, 0.08 m NaCl, and 0.01 m labeled potassium pyruvate or 
sodium acetate. When pyruvate was the substrate, 200 mg. per cent 
glucose was also added. The initial pH was 6.8. The insulin (0.5 unit 
per ml.) used was obtained from Eli Lilly and Company and had been 
treated with trypsin to remove the hyperglycemic-glycogenolytic factor. 


Procedure 


The rats were killed by a sharp blow on the head, and the diaphragms 
were quickly removed, one-half at a time, and blotted on filter paper. A 
small piece was taken from each, weighed on a torsion balance, and placed 
at once in boiling 30 per cent KOH for glycogen analysis. In the initial 
experiments, the remaining tissue was then weighed and placed imme- 
diately in the incubation vessels. In the later experiments, however, each 
hemidiaphragm was divided in two and placed in a large volume of ice- 
cold incubation medium, without substrate, for half an hour. This proce- 
dure was suggested by Walaas and Walaas (8) for removing endogenous 
lactate formed by rapid glycogen breakdown when the animal is killed. 
It also afforded a means of pooling tissues from several animals and re- 
tarded glycogenolysis; hence the diaphragms were in a more nearly uniform 
state when the incubation began. At the end of half an hour the dia- 
phragms were removed, blotted, weighed, and placed in standard 15 ml. 
Warburg incubation vessels. Each vessel contained 3 ml. of medium and 
the equivalent of one whole diaphragm (about 300 mg. of tissue). In some 
experiments the animals were paired, one hemidiaphragm from each 
animal being treated with insulin and the other remaining untreated. In 
other experiments the samples were selected randomly from the pooled 
tissues. A strip of filter paper and 0.2 ml. of CO,-free NaOH were placed 
in the center wells, and the flasks were gassed with 100 per cent Oy, for 7 
minutes and incubated for 2 hours at 37.5°. The diaphragms were then 
removed for glycogen determinations (1, 9). Aliquots of the incubation 
media were analyzed for pyruvate (10), lactate (11), and glucose (12). 
The contents of the center wells were transferred to 10 ml. volumetric 
flasks and made up to volume with CO,-free water. Aliquots were ana- 
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lyzed for CO, on the Van Slyke manometric apparatus. The media 
containing no insulin were then combined in one sample, and those con- 
taining insulin in another. The protein and phosphate were removed by 
addition of 4 volumes of ethanol and centrifuging, and the samples were 
taken to dryness overnight in a stream of filtered air. Lactate and certain 
members of the citrie acid cycle were isolated from the dried samples by 
silica gel chromatography (13). In this procedure, lactic, succinic, and 
a-ketoglutaric acids are eluted together. The a-ketoglutaric acid was 
converted to its 2,4-dinitrophenylhydrazone and extracted with ether; the 
lactic and succinic acids were then separated by rechromatography. 

The effluent fractions were collected in 18 K 150 mm. test-tubes and 
analyzed by titration with 0.01 s NaOH. Use of an acid-base indicator 
in titration was found to be undesirable because it diluted the C™ in the 
sample. The titrator was therefore equipped with a glass electrode assem- 
bly based on a concentric design of Cannon (14). All titrations were 
carried to pH 8.0. The fractions containing each acid were combined, 
evaporated to dryness, and analyzed for total carbon by the wet combus- 
tion method of Van Slyke ef al. (15, 16). The resulting CO, was converted 
to BaCO, (17) for radioactivity determinations. Enough lactate was 
produced by the amount of tissue employed so that its specific activity 
could be calculated from the titration, Van Slyke, and radioactivity data. 
The amounts of the citric acid cycle intermediates, however, were very 
small; hence accurate titration was impossible. Consequently, carrier 
fumarate, succinate, a-ketoglutarate, malate, and citrate were added to 
the sample before chromatography to locate these intermediates. Only 
the total radioactivity in each intermediate could then be determined. 

The chromatographic technique was also used as a convenient specific 
method for the quantitative estimation of acetate. When acetate was the 
substrate, it then became possible to estimate its utilization by the dia- 
phragm. Precautions were taken to keep the samples alkaline to prevent 
losses by volatilization. 

Radioactivity was determined on stainless steel planchets in the propor- 
tional gas flow counter at the Harvard Biophysical Laboratory. Pyruvate 
was counted as the 2,4-dinitrophenylhydrazone (1), glycogen by hydroly- 
sis to glucose and conversion to the phenylosazone (1), CO:, lactate, and 
the citric acid cycle intermediates as BaCO,. The ether extract of a-keto- 
glutarate was counted as such. Acetate was counted as its benzylpseudo- 
thiuronium salt (18). 


Results 


Effects of Presoaking Technique——In the initial experiments, the condi- 
tions employed by Villee and Hastings (1, 2) were duplicated as nearly as 
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possible. Comparable results were obtained. However, presoaking the 
tissue had a marked effect upon pyruvate metabolism (Table I). The 
utilization of pyruvate and its oxidation to CO, by normal tissue were 
reduced to the levels found in diabetic tissue. In addition, the stimulatory 
effect of insulin on pyruvate metabolism in diabetic diaphragm disap- 


Tasie 
Effect of Presoaking in Chilled Buffer on Rat Diaphragm Metabolism 


Values given as the mean + the standard error of the mean in micromoles per 
gm. of wet weight per hour. 


| Normal rats Diabetic rats 


Un- | 
| | Presoaked diaphragm Untreated Presoaked diaphragm 


di 
iaphragm 
Insulin 
No. of experiments 
1s 1s 9 
Pyruvate utilization | 43.5 29.8 30.4 37.9 51.3 31.8 32.7 
20.8 +08 +1.9 +1.0 +1.4 
Lactate production 35.9 29.4° 30.3° 25.9 42.6 24.6f 25.73 
40.9 40.7 +1.2  +1.0 
Oxygen uptake 86.6 87.5 39.8 35.5 45.5 33.8 36.1 
£2.3 41.6 203 %+1.2 42.5 +0.5 
CO; produced | 74.0 63.5 65.5 75.9 62.0 65.0 
+1.6 21.5 =+9.0 +£1.8 +2.6 
Pyruvate metabolizedto 11.2 8.0 8.4 12.0 13.6 7.8 8.0 
CO: +£1.00 4206 240.2 +3.7 +1.0 +1.1 


* Seventeen experiments. 
t Twelve experiments. 
t Eleven experiments. 


peared. These changes cannot be attributed to a general decrease in the 
metabolic rate of the tissue, for there was no change in oxygen consump- 
tion nor in lactate production. The decrease in CO, produced was also 
slight compared to the changes in pyruvate utilization. | 

Rates of Conversion of Pyruvate Carbons to COr—The rates at which 
carbons 1, 2, and 3 of pyruvate are metabolized to CO, are given in Table 
II. The total amount of substrate metabolized to CO, was calculated from 
the ratio of the total counts in the expired CO, to the total counts originally 
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present in the medium, multiplied by the initial pyruvate concentration. 
The percentage of CO, derived from pyruvate is equal to the ratio of the 
specific activity of the CO, to that of the substrate (in counts per minute 
per millimole of carbon) times 100. Both of these calculations assume 
that oxidation of the substrate molecule is complete; i.e., that each labeled 
carbon from the substrate which is converted to CO, is accompanied by 2 
unlabeled ones. The data in Table II show that this assumption is not 


Taste Il 
Rates of Conversion of Pyruvate Carbons to CO; 
Values given as the mean + the standard error of the mean. 


Normal! rats Diabetic rats 
5 | 5 & 
Insulin Insulin 
No. of experiments No. of experiments 
9 12 13 te 10 3 5 3 
Pyruvate oxi- 
dized to COs, 
pmoles per 
gm. perhr...| 9. 10.0) 7.9 5.7| 10.2) 10.7 7.9 8.0 9.5) 9.4 
CO, derived 
from pyru 
vate, %.....| 41.9) 46.5) 36.0) 35.5) 28.8 30.7 49.4 48.9 34.3) 35.0 54.0) 47.5 
2.7/2.8 2.3 +1.621.141. j=4-2 +5.0 


strictly true. The 3 carbons of pyruvate appear in CO, at slightly differ- 
ent rates over the 2 hour incubation period. In normal diaphragm carbon 
1 appears in carbon dioxide more rapidly than carbon 2, and carbon 2 
more rapidly than carbon 3. This is in accord with what a consideration 
of the fate of the carbons of pyruvate in the reactions of the citric acid 
cycle would predict. 

There was no difference between normal and diabetic diaphragm in the 
rate of oxidation of carbons 1 and 2. However, the oxidation of carbon 3 
by diabetic muscle, instead of being less than that of carbon 2, appears to 
be almost as fast as the oxidation of carbon 1. 
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Production of Radioactive Lactate—The specific activity (counts per 
minute per micromole) of the lactic acid isolated from the incubation 
medium was calculated from the titration, combustion, and radioactivity 
data by means of the following equation: 


C.p.m. per mg. BaCO; mol. wt. BaCO,; K mg. C 1000 


= specific activity 
Atomic weight C gwmoles lactic acid 


Since the equilibrium between pyruvate and lactate is freely reversible, the 


Ill 
Specific Activity of Lactic Acid Produced by Rat Diaphragm 
Specific activity = counts per minute per millimole. 


Insulin 
Experi- | + + + 
Specific activity of lactate 


Specific activity of pyruvate 


— 


100 


Specific activity of lactate Specific activity of pyruvate 


Normal rats 


173,000 178,000 | S2 92 


Ne 51,900 78,500 103 ,000 103 ,000 50 7 
Ns 276,000 248 , 000 379,000 379,000 | 73 65 
Nii 180,000 184,000 217 ,000 223 ,000 83 S3 


Nes 70,600 95,000 74 


Diabetic rats 


D; 161,000 119,000 285, 000 253 , 000 


D; 359,000 438,000 82 


De 73,300 72,700 126,000 133 , 000 58 55 


specific activities of these two compounds should be identical after a 2 hour 
incubation. This was found to be the case in the initial experiments with 
untreated tissue. However, when the diaphragms were subjected to the 
presoaking procedure, the specific activity of the lactate was always less 
than that of the pyruvate (Table III) and varied considerably. This 
indicated that under these conditions complete equilibrium is not attained 
and suggested a study of the changes in specific activity with time during 
the incubation period. For these experiments the labeled pyruvate was 
placed in the side arms of the incubation flasks and tipped in at zero time, 
after gassing and equilibration. Fig. 1 shows that the specific activity of 
pyruvate decreased in linear fashion during the incubation; that of lactate 
at first rose sharply, and then approached the pyruvate values slowly. 
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However, if the lactate values are corrected for the unlabeled lactate 
produced during the equilibration period before incubation, which will 
have a large diluting effect on the small amounts of radiolactate formed 
initially, the curve indicated by the broken line in Fig. 1 is obtained. It 
is clear that there is a rapid formation of labeled lactate from pyruvate in 
the early part of the incubation period, after which the specific activity of 
lactate decreases more rapidly than that of pyruvate. 


PYRUVATE 
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Fic. 1. The change of specific activity of pyruvate and lactate with time in rat di- 
aphragm. O values have been corrected for unlabeled lactate formed prior to addi- 
tion of labeled pyruvate. 


Incorporation of Pyruvate into Citric Acid Cycle Intermediates—The total 
radioactivity isolated in fumarate, succinate, a-ketoglutarate, malate, and 
citrate was sufficiently variable that no differences between the rates of 
incorporation of the 3 carbons of pyruvate could be detected. (Carbon 1 
of pyruvate does not enter the citric acid cycle intermediates by the usual 
reaction, but may enter via carbon dioxide fixation.) The values obtained 
from all 3 carbons have therefore been averaged and are given in Table 
IV. The data give some indication that the amount of radioactivity 
remaining in the Krebs cycle is less in diabetic than in normal muscle. 
The values are not affected in any consistent fashion by insulin. 

Acetate Metabolism—The metabolism of acetate-1- and 2-C™ by normal 
and of acetate-1-C™ by diabetic muscle was studied in four experiments. 
The results are given in Table V. The same rate of oxygen utilization was 
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obtained as when pyruvate was the substrate, but the omission of glucose 
from the medium resulted in much less CO, and very little lactate being 
formed. Contrary to expectation, however, approximately 60 per cent 
more acetate was taken from the medium by diabetic than by normal 
diaphragm muscle. The fact that there was no decrease in the specific 


TaBLe IV 
Incorporation of Pyruvate Carbon into Citric Acid Cycle Intermediates 
Values in per cent of the total pyruvate counts disappearing from the medium. 


| Normal rats | Diabetic rats 
Intermediate | Insulin 
| = | 
Fumarate... | 5.54 5.47 (2.53 | 2.56 
Succinate... 1.27 0.46 0.31 | 0.57 
a-Ketoglutarate «B12 2.33 | 3.40 | 3.63 
Malate _. | 1.12 | 1.30 0.62 | 0.60 
Citrate... | 0.79 «| (1.28 1.08 0.08 
TasLe V 


Metabolism of Acetate by Rat Diaphragm 
Values given as the mean + the standard error of the mean in micromoles per gm. 
of wet weight per hour. 


Normal rats (6 each) | Diabetic rats (2 each) 
Acetate utilized 19.4 19.8 2.9 | 35.0 
+2.4 | +2.6 | 
Lactate produced 4.6 4.5 1.3 | 2.4 
Oxygen uptake 40.4 37.8 29.1 33.4 
+0.8 +1.5 | 
CO, produced 49.8 49.2 | 35.2 37.7 
+1.5 +0.8 


activity of the acetate in the course of the incubation indicates that the 
muscle does not synthesize acetate under these conditions. Since there is 
no acetate production, acetate disappearance, measured chemically, repre- 
sents actual utilization. 

The amount of acetate oxidized to CO, and the composition of the CO, 
(Table VI) were calculated in the same manner as the pyruvate data. The 
data in Columns | to 4 show again that the substrate carbons are not oxi- 
dized at the same rate, but that the difference is small. The higher rate 
of oxidation of the carboxyl carbon is consistent with our knowledge of 
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the reactions of the citric acid cycle. A comparison of Columns 1 and 5 
reveals that, even when the presoaking technique is employed, the metab- 
olism of acetate to CO, is less in diabetic muscle than in normal muscle. 
Only four diabetic animals were used, however, and no statistical signifi- 


TaBLe VI 
Rate of Conversion of Acetate Carbons to CO, 
The figures are mean values. 


Normal rats | Diabetic rats 
CHsC*OOH C*H,COOH | CH,C*O0OH 
Substrate 
Insulin 
- + - + - + 


(1) (2) (3) (4) (S) (6) 


Acetate oxidized to COs, 


pmoles per gm. per hr........ 8.5 6. 
CO, derived fromacetate,%... 31.6 25. 


5 5.5 
4 24.1 


Taste VII 
Calculation of Carbon Balances 
Values in per cent of the total substrate counts disappearing from the medium. 


Pyruvate Acetate 

| Insulin 

Diabetic | Normal Diabetic 
| 21.0 23.2 24.3 | 22.5 29.7 | 29.0/ 15.9 18.1 
Lactic acid. . 62.5 65.2 41.6 30.8 0 0 | 
Glycogen. .... — 1.6 17; 0.9; 1.0; O 0 0 0 
Citrie acid cycle. . 11.8; 10.8; 7.9| 7.4) O 0 0.7 1.0 

Total... .. _...| 96.9 | 100.9 | 74.7 | 61.7 | 29.7 | 29.0 | 16.6 | 19.1 


cance can be ascribed to these differences. In contrast to previous reports 
(3), no difference in the percentage of the respiratory CO, derived from 
acetate by normal and diabetic muscle was observed. This may be due 
to the difference in experimental conditions. The diabetic diaphragm has 
a higher rate of acetate utilization (Table V), but a smaller fraction going 
to carbon dioxide (Table VI). 

The levels of radioactivity incorporated into citric acid cycle interme- 


JSC 
ng 
nt 
al 
fic 
| 
24.0 27.0 | 31.1 
m 
| 
he | 
he 
te 
of 


806 PYRUVATE AND ACETATE IN DIAPHRAGM 


diates from acetate were too low to permit detection of any possible differ- 
ence between normal and diabetic diaphragms. 

Calculation of Carbon Balances—The percentages of the substrate radio- 
activity incorporated by the diaphragm which appear in the various 
fractions studied have been totaled in Table VII. All of the radioactive 
pyruvate incorporated by normal diaphragm can be accounted for, the 
largest proportions going to lactate and CO,. In diabetic diaphragm, 
however, 25 and 40 per cent of the radioactivity cannot be accounted for 
in the absence and presence of insulin, respectively. The largest change is 
a marked decrease in the proportion of the pyruvate which diabetic muscle 
converts to lactate. 

Only a small proportion of the acetate utilized by the normal rat dia- 
phragm can be accounted for, and even less in diabetic diaphragm. The 
radioactivity unaccounted for appears to be in the medium when either 
substrate is employed. Combustion of samples of tissue after incubation 
to determine their radioactive carbon content showed that only 1.5 per 
cent of the pyruvate activity and 11 per cent of the acetate activity taken 
up remained in the tissue. 


DISCUSSION 


The rate at which the specific activity of the lactate produced by the rat 
diaphragm decreased with time was greater than the rate of decrease of the 
pyruvate specific activity (Fig. 1). If there were complete equilibrium 
between the pyruvate and lactate, the specific activities should be the 
same and should decrease at the same rate. It must be pointed out that 
the measurements of specific activity were performed on substances iso- 
lated from the medium. Thus the cell membrane, by retarding the passage 
of one or the other substance, might prevent equilibrium from being 
established in the medium. The lactate must of necessity have come from 
the intracellular pyruvate pool, and its specific activity should reflect that 
of the pool. Since the specific activity of lactate decreases faster than 
that of pyruvate, it follows that the specific activity of the pyruvate pool 
decreases faster than that of the pyruvate in the medium by dilution with 
unlabeled pyruvate from other sources. The simplest assumption to 
account for these phenomena is that pyruvate formed in the intact dia- 
phragm cell cannot pass freely through the cell membrane into the medium. 

The absence of any differences in the rate of incorporation of the 3 pyru- 
vate carbons into the Krebs cycle intermediates is of interest. There was 
as much carboxy! carbon incorporated as there was carbonyl or methyl 
carbon. According to our present knowledge of the reactions of the citric 
acid cycle, the only means by which carbon 1 of pyruvate can enter the 
cycle is by the CO, fixation reactions. These data indicate that CO; 
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fixation is a major phenomenon in diaphragm muscle and are in accord 
with the experiments of Crane and Ball (19), who found an appreciable 
incorporation of C'-bicarbonate into rat diaphragm. 

The present experiments lend additional support to the suggestion, put 
forth by various investigators, that there is some interference in the metab- 
olism of pyruvate and acetate in the Krebs cycle in diabetes. Most of 
these observations could be accounted for by an interference in the con- 
densation of acetyl coenzyme A with oxalacetate. The fact that pyruvate 
metabolism by normal diaphragm can be reduced to the diabetic level by 
presoaking in chilled buffer suggests that the interference in diabetes is not 
due directly to a lack of insulin. This is further borne out by the disap- 
pearance of any effect of insulin on pyruvate metabolism in diabetic dia- 
phragm upon presoaking and by the insensitivity of acetate metabolism 
to insulin with or without presoaking. The observations point rather to a 
loss or unavailability in diabetes of some cofactor essential to these reac- 
tions, which can be duplicated in the normal tissue by presoaking in chilled 
buffer. In this connection, an involvement of insulin in the efficiency of 
oxidative phosphorylations has been suggested previously (20, 21). 

It is possible that the pyruvate counts which cannot be accounted for 
in diabetic diaphragm will be found in acetoacetate and other ketone 
bodies. This seems especially likely in view of the large proportion of 
acetate that disappears into unknown compounds. While the liver is 
generally considered the main site of ketone body formation in diabetes, 
it is conceivable that under these conditions muscle may synthesize them 
in appreciable quantities as well. 


SUMMARY 


|. The metabolism of pyruvate-l-, 2-, and 3-C™ and acetate-l- and 
2-C™ to COs, lactate, glycogen, and to intermediates of the Krebs cycle by 
the normal and diabetic rat diaphragm in vitro has been studied. 

2. In initial experiments, results for pyruvate metabolism comparable 
to those of previous workers were obtained. In later experiments pre- 
soaking the tissue in chilled buffer was employed to remove endogenous 
lactate. Under these conditions the utilization of pyruvate by normal 
muscle and its oxidation to CO, were reduced to the same level as that in 
the diabetic. Neither type of tissue responded to insulin added in vitro. 

3. The oxidation of acetate-1-C™ to CO, by diabetic muscle remained 
less than normal under the new experimental conditions. It was not 
iffected by insulin. There was no decrease in the radioactivity of the 
acetate, indicating that muscle does not synthesize acetate. 

4. The rates of oxidation of the 3 carbons of pyruvate and the 2 carbons 
of acetate were shown to be slightly different. The carboxyl carbon was 
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oxidized most rapidly, the methyl carbon least rapidly, in normal tissue. 
In diabetic diaphragm the oxidation of carbon 3 of pyruvate was at least 
as rapid as the oxidation of carbon 2. The pattern is in accord with our 
knowledge of the reactions of the Krebs cycle. 

5. The specific activity of the lactate isolated after incubation was 
lower than that of the pyruvate, indicating a lack of complete equilibrium 
between them. 

6. There was as much pyruvate carboxyl carbon incorporated into the 
Krebs cycle intermediates as carbonyl or methyl carbon, indicating ap- 
preciable CO, fixation. The incorporation of radiopyruvate into the Krebs 
cycle intermediates was somewhat lower in diabetic than in normal muscle. 
Almost no activity from labeled acetate was found in either normal or 
diabetic diaphragm. 

7. Nearly all of the pyruvate counts incorporated by normal diaphragm 
could be accounted for, but only 60 to 75 per cent in diabetic diaphragm. 
Only a small portion of the acetate counts disappearing could be accounted 
for. The possibility that the missing counts will be found in ketone bodies 


is suggested. 
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BROMINATION OF PERFORMIC ACID-OXIDIZED OXYTOCIN * 


By CHARLOTTE RESSLER ano VINCENT vu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, July 19, 1954) 


In recent communications from this laboratory (1, 2), the effect of 
bromine water on performic acid-oxidized oxytocin has been investigated. 
It was established that the performic acid-oxidized oxytocin could be 
degraded by the action of bromine water to a small fragment (R, = 0.25 
to 0.35 on paper in phenol), identified as 8-sulfoalanyldibromotyrosine, and 
a larger fragment (R, = 0.8 to 0.9) giving, upon hydrolysis, leucine, iso- 
leucine, proline, glutamic acid, aspartic acid, glycine, and cysteic acid in 
equimolar ratios to each other and ammonia in a molar ratio to any one 
amino acid of approximately 3:1. On treatment of performic acid-oxi- 
dized oxytocin and each of its degradation fragments with dinitrofluoro- 
benzene according to the method of Sanger (3) for end-group analysis, it 
was found that the cleavage by bromine water was accompanied by the 
appearance of a free amino group on the isoleucine residue in the large 
fragment (2). The utilization of this reaction in the elucidation of the 
structure of oxytocin has been described (4). It might be noted that, in 
a comparison of synthetic and natural oxytocin, it was shown that both 
behaved towards bromine water in the same fashion (5). With the struc- 
ture of oxytocin established by synthesis, it is obvious that the bromine 
water degradation involves, in addition to the cleavage of the disulfide 
bond, a breaking of the peptide bond between the carboxy! group of the 
tyrosine residue and the amino group of the isoleucine residue. That 
the reaction does not depend specifically upon the isoleucine residue is 
indicated by the fact that vasopressin, in which the tyrosylphenylalanyl 
residue corresponds to the tyrosylisoleucy! residue of oxytocin, also under- 
goes cleavage with bromine water under the conditions for the cleavage of 
oxytocin (6). 

In the course of the study of this unusual cleavage, we became inter- 
ested in whether the bromination step per se caused cleavage of the mole- 
cule into the two fragments or whether the bromination of the tyrosine 
moiety could be effected without fragmentation. The experiments de- 
scribed herein on the bromination of performic acid-oxidized oxytocin were 
undertaken to obtain information on this point. Bromination without 

* Appreciation is expressed to the Lederle Laboratories Division, American Cyan- 
amid Company, for research grants which have aided greatly in this work. 
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cleavage has been effected and the properties of the resulting brominated 
derivative are described. 


EXPERIMENTAL 


Bromination of Performic Acid-Oxidized Oxytocin—A dilute solution of 
bromine in acetic acid was added dropwise to a solution of 6 mg. of per- 
formic acid-oxidized oxytocin (7) in 18 ml. of glacial acetic acid until the 
bromine was present in slight excess. The mixture was allowed to stand 
for 24 hours at room temperature, after which time excess bromine was 
decolorized with H.S and the solvent was evaporated in the cold to a small 
volume. The solution was then lyophilized to a fluffy white powder. A 
portion of the product dissolved in acetic acid was applied to Whatman 
No. 4 paper and chromatographed in phenol. After development of the 
ninhydrin color, only one spot appeared (R, = 0.80 to 0.85), which turned 
slowly from yellow to purple. Under the same conditions a sample of 
performic acid-oxidized oxytocin which had been treated with bromine 
water gave two ninhydrin-reacting spots (Ry = 0.25 to 0.35 and 0.8 to 
0.9) (1, 2). A portion of the product from the bromination in acetic acid 
was hydrolyzed in 6 N HC! and analyzed for amino acids by the technique 
of chromatography on starch columns developed by Moore and Stein (8). 
The pattern of amino acids was characteristic of that of performic acid- 
oxidized oxytocin, except for the disappearance of the tyrosine peak and 
an increase in the size of the leucine-isoleucine peak. This increase was 
attributed to the presence of dibromotyrosine, which has been shown to 
emerge at effluent ml. 13 (1). The dibromotyrosine is readily differenti- 
ated from monobromotyrosine, an authentic sample of which emerges on 
the starch column at effluent ml. 9 and shows Ff’, values of 0.51 and 0.49 
on two-dimensional paper chromatography in sec-butyl alcohol-acetic 
acid-water and phenol. On the other hand, the Ry, values for both the 
authentic dibromotyrosine and the material from the hydrolysis of the 
brominated performic acid-oxidized oxytocin which appeared at the 
corresponding area on paper were 0.61 and 0.64 in these two solvent sys- 
tems. 

Preparations in which the tyrosine moiety was replaced by varying 
proportions of dibromotyrosine and monobromotyrosine were obtainable 
from oxytocin and from performic acid-oxidized oxytocin by limiting the 
temperature and duration of the reaction. After 6 hours at room tempera- 
ture, for example, tyrosine was present predominantly as a monobromo- 
tyrosine moiety. 

Bromination of the tyrosine moiety of performic acid-oxidized oxytocin 
without cleavage of the molecule could be effected also in an aqueous 
medium. When the conditions which had previously been shown to pro- 
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duce cleavage of performic acid-oxidized oxytocin (1, 2) were varied only 
by making the solvent 0.5 ~ with respect to HBr, only one ninhydrin- 
reactive product (R, = 0.83 in phenol) was obtained. The amino acid 
analysis of the product after hydrolysis in 6 N HC! is given in Table I, 
Column 1. 

Evidence for Single Component in Brominated, Oxidized Oxytocin—A 
mixture of the small fragment isolated by counter-current distribution, 


Taste I 
Starch Column Analyses of Derivatives of Performie Acid-Oxidized Oxytocin 


Molar ratios 
Constituent Brominated DNP derivative of acid 
oxidized performic acid- | y bromine water 
| oxytocin® oxidised oxytocint followed by DNFBt 
(th) (2) | (3) 
Isoleucine 1.00 1.00 1.00 
| 1.08 1.10 
Cysteic acid. 0.95 | 10 1.07 
— | 3.04 | 2.94 
Dibromotyrosinef.. 0.90 
0-DNP-dibromotyrosine _ . | 0.89 
O-DNP-tyrosine............. | 0.94 


* The solvent sy stem was 2: 1: 1 fert- butyl alcohol -sec- -butyl aleohol 0. 1 n HCI (8). 

t The solvent system was 1:2:1 n-butyl aleohol-n-propy! alcohol-0.1 n HCl (8). 
Leucine and isoleucine were arbitrarily chosen as 1.00. 

t Value for dibromotyrosine was calculated from the combined leucine, isoleucine, 
and dibromotyrosine peak by difference, the leucine and isoleucine being arbitrarily 
chosen as 1.00. 


followed by paper chromatography as described previously (2), and the 
brominated, oxidized oxytocin was subjected to one-dimensional paper 
chromatography in phenol. The two ninhydrin spots appearing at an 
R, of 0.29 and of 0.80 indicated a ready separation of these two compounds 
in the presence of each other. 

A sample of the brominated, oxidized oxytocin was applied to a 2 inch 
paper strip and chromatographed in 5:1:5 sec-butyl alcohol-acetic acid- 
water. The paper was cut into successive 1 cm. strips which were eluted 
separately, and the eluates were analyzed by following both the color 
given by the quantitative ninhydrin reaction of Moore and Stein (9) and 
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the absorption at 275 my with the use of the Beckman spectrophotometer. 
The results were plotted and gave two curves which were found to be 
essentially coincident, each possessing one peak at R, 0.22. If the large 
and small fragments had been present, two ninhydrin-positive peaks, only 
one of which absorbed in the ultraviolet region, would have been expected. 

38 mg. of the brominated, oxidized oxytocin prepared as described in a 
preceding section were distributed for 185 transfers in a glass counter- 
current distribution apparatus (10) with a solvent system of sec-buty! 
alcohol and 0.05 per cent acetic acid. The distribution curve, as deter- 
mined by measuring the absorption at 280 my, showed the presence of a 
peak with a partition coefficient (A) of 0.79 containing the greater part of 
the material. In this system performic acid-oxidized oxytocin distributes 
with a K of approximately 0.39, while the bromine-water degradation 
fragments possess K values of approximately 0.35 and 1.35. 

Preparation of Dinitrophenyl (DNP) Derivative of Brominated, Oxidized 
Oxytocin—1.4 mg. of the brominated, oxidized oxytocin were treated with 
2 mg. of 2,4-dinitrofluorobenzene (DNFB) and 2 mg. of NaHCO, in 
aqueous ethanol. The product was hydrolyzed in 6 n HCI under nitrogen 
in a sealed tube and its amino acid analysis was obtained by use of the 
starch column. The molar ratios are shown in Table I, Column 2. The 
pattern resembled that of the corresponding derivative of performic acid- 
oxidized oxytocin (2) with the exception that O-DNP-tyrosine which 
emerges at effluent ml. 7 was replaced by O-DNP-dibromotyrosine. The 
latter emerges at effluent ml. 4 to 5 (2). The isoleucine residue in the 
product obtained by bromination of performic acid-oxidized oxytocin in 
acetic acid remained unaffected after treatment with DNFB. One of 
the 2 moles of cysteic acid disappeared from the hydrolysate of the 
brominated, oxidized oxytocin after treatment with DNFB. Thus, the 
behavior of the brominated, oxidized oxytocin with DNFB paralleled 
that of performic acid-oxidized oxytocin. 

Cleavage of Brominated, Oxidized Oxytocin with Bromine Water—By use 
of paper chromatography, no evidence could be obtained for the formation 
of 8-sulfoalanyldibromotyrosine when brominated, oxidized oxytocin was 
allowed to stand either for 24 hours at room temperature in 0.05 per cent 
acetic acid or for 45 minutes at — 10° to —5° in 1 n HBr or dilute ammonia. 
When, however, the brominated, performic acid-oxidized oxytocin was 
treated with aqueous bromine under the cleavage conditions for performic 
acid-oxidized oxytocin at a temperature between —10° and 0° for 45 
minutes, degradation of the molecule occurred smoothly. Like its action 
on performic acid-oxidized oxytocin, the action of bromine water on 
brominated, performic acid-oxidized oxytocin resulted in the formation of 
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the two ninhydrin-reactive fragments which showed FP, values of 0.25 and 
0.93 when the compounds were chromatographed on paper with phenol. 
Treatment of O,N-Bis-DNP-performic Acid-Oxidized Oxytocin with 
Bromine Water—It was of interest to determine whether the degradation 
of performic acid-oxidized oxytocin into two fragments could occur when 
the halogenation of the tyrosine moiety was blocked. It was found, as 
expected, that O-DNP-tyrosine does not become appreciably substituted 
by bromine. Accordingly, performic acid-oxidized oxytocin was converted 
to its O,N-bis-DNP derivative (2) with DNFB, and the yellow compound 
was isolated by use of a tale column (11). This derivative was then 
treated with bromine water under the conditions known to produce cleav- 
age of performic acid-oxidized oxytocin. A portion of the product was 
chromatographed on paper but failed to show the presence of any ninhy- 
drin-positive material. A second portion of the product was treated with 
DNFB, and its hydrolysate was analyzed for amino acids on the starch 
column. Since the analysis, given in Table I, Column 3, was the same as 
that of the DNP-performic acid-oxidized oxytocin (2), it is apparent that 
neither halogenation nor degradation of the molecule had occurred. 


Results 


By bromination of performic acid-oxidized oxytocin in media such as 
glacial acetic acid or dilute aqueous hydrobromic acid, it has been found 
possible to introduce two bromine atoms into the tyrosine moiety of per- 
formic acid-oxidized oxytocin without otherwise detectably altering the 
molecule. The use of paper and starch chromatography, counter-current 
distribution, and end-group analysis has allowed the differentiation of this 
product from the degradation fragments obtained when performic acid- 
oxidized oxytocin is treated with bromine water without added acid. 
From the structure of oxytocin it follows that the structure of performic 
acid-oxidized oxytocin is 8-sulfo-L-alanyl-L-tyrosyl-L-isoleucyl-L-glutam- 
and that 
the structure of the brominated derivative would therefore be §-sulfo- 
L-alanyl-3 , 
Both performic acid-oxi- 
dized oxytocin and the brominated, oxidized oxytocin were found to re- 
main reasonably stable in dilute acid or base. 

Like its unhalogenated analogue, the brominated, oxidized oxytocin 
could be degraded smoothly by the action of bromine water into the two 
ninhydrin-reactive fragments. On the other hand, when halogenation of 
the tyrosine ring of performic acid-oxidized oxytocin was prevented by 
prior conversion of the phenolic group of the tyrosine moiety to its dinitro- 
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phenyl ether, degradation of the molecule with bromine water could not 
be effected. Hence, although 2 bromine atoms can be introduced into the 
tyrosine moiety of the molecule without effecting cleavage, this -*_.vage 
of the molecule into two fragments by bromine water does appear to be 
related to the susceptibility of the tyrosine ring to halogenation. 


SUMMARY 


In contrast to the degradation of performic acid-oxidized oxytocin 
resulting from treatment with bromine water, bromination in media such 
as glacial acetic acid or dilute aqueous hydrobromic acid has converted 
performic acid-oxidized oxytocin to its dibromo derivative without cleav- 
age. The brominated derivative was found to be reasonably stable in 
dilute acid and base, but was degraded readily into two fragments by 
treatment with bromine water. However, when halogenation of the 
tyrosine ring was prevented, degradation of the molecule with bromine 
water did not occur. 
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THE AMINO ACID REQUIREMENTS OF MAN 
VII. GENERAL PROCEDURES; THE TRYPTOPHAN REQUIREMENT* 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
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Having established the qualitative amino acid requirements of adult man 
(1-5) and having considered the réle of the caloric intake (6), we next di- 
rected our attention to the quantitative aspects of the problem. In the 
latter, the objective has been to discover for each of the eight essential 
amino acids the minimal intake which is capable of permitting nitrogen 
balance when the diet furnishes sufficient quantities of the other seven and 
an adequate supply of nitrogen for the synthesis of the non-essentials. 
The present paper is concerned with the general procedures followed in all 
of the experiments and specifically with the tryptophan requirement. 


EXPERIMENTAL 


General Procedures—The methods employed throughout the quantita- 
tive studies were, for the most part, identical with those used in the qualita- 
tive investigations except for certain minor differences which will be ex- 
plained as the occasions for their use arise. Healthy young men, most of 
whom were graduate students in biochemistry, served as the subjects. 
Invariably, the nitrogen of the diets was furnished in the form of mixtures 
of purified amino acids. These were supplemented with glycine, urea, or 
both (ef. (7)), as additional sources of nitrogen, so as to insure the presence 
of abundant quantities of this element for synthetic purposes. Most of 
the energy of the rations was contributed by wafers composed of corn- 
starch, sucrose, unsalted butter fat (which had been melted and centrifuged 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate Col- 
lege Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by G. 
Frederick Lambert in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in Biochemistry in the Graduate College of the University of Ilinois. 
Present address, Nutrition Research Department, Abbott Laboratories, North Chi- 
cago, Illinois. 

$ Present address, School of Medicine, University of Pennsylvania, Philadelphia, 
Pennsylvania. 

' The amino acids were always recrystallized until they yielded correct analytical 
values. 
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to remove particles of protein), corn oil, a salt mixture, and a baking powder 
prepared in this laboratory. Extra calories, over and above the quantities 
present in the wafers, were obtained by the consumption of appropriate 
amounts of sucrose and butter fat. Vitamins were supplied as cod liver 
oil, or a fish liver oil concentrate, and pills composed of crystalline com- 
pounds supplemented with a butyl alcohol extract of Wilson’s liver powder 
1:20. The reader is referred to Paper I of this series (1) for the compo- 
sition of the salt mixture, the baking powder, and the vitamin pills. There 
also will be found a detailed description of the preparation and administra- 
tion of the dietary components, the collection and analysis of the excreta, 
and such additional information as is pertinent to the conduct of the ex- 
periments. 

Elsewhere (8), attention has been called to certain limitations inherent 
in the nitrogen balance technique, particularly when the latter is applied 
to the establishment of minimal requirements. Further discussion of this 
question seems unnecessary except to point out that one of the annoying 
features, namely the daily fluctuations in nitrogen output which one en- 
counters invariably in investigations of this sort, becomes of minor sig- 
nificance when period averages are used as the criterion of dietary adequacy. 
Consequently, in contrast to the practice followed in the qualitative ex- 


Sse 


periments, in which graphic representations of the daily nitrogen balances " 
were presented, only averages for periods will be shown in the quantitative ne 
tests. Furthermore, in arriving at a figure representing the minimal in- hi 


take of a given amino acid, the policy was adopted of inducing a negative te 
nitrogen balance at some stage of the test, and then of raising the level of the 
substance under investigation until a distinctly positive balance, as meas- In 
ured by the average of a period of several days, was attained. In this qu 
fashion, daily fluctuations are leveled and the findings for each subject ca 
become exceedingly clear-cut and reproducible. na 

Another aspect of the experimental procedures should be emphasized at 


this point. The surprisingly large caloric intakes required by subjects re- wi 
ceiving diets containing mixtures of amino acids were discussed in a recent | ex: 
paper (6). Because of the observations therein recorded, the practice has = P® 
been followed routinely in the quantitative experiments of administering 55 V4 
calories per kilo of body weight per day. Somewhat lower intakes might an 
have sufficed in some instances, but the higher values diminished the | ve 
length of the adjustment periods and induced nitrogen equilibrium much Or 
more promptly than would have occurred otherwise. Occasionally, energy In 
intakes slightly in excess of the above figure were found necessary, particu- ple 
larly in the case of tall, slender individuals who were under weight for their of 
height. One such subject, who was receiving 55 calories per kilo, actually em 
complained of hunger and was permitted to increase moderately the fuel str 
value of his ration. ap| 
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As stated in an earlier paper (8), one may be warranted in asking whether 
the high energy content of the diets influenced the outcome of the investiga- 
tions. To this question a categorical answer cannot be given. As will be 
demonstrated, the minimal amino acid requirements proved to be consider- 
ably smaller than were originally anticipated. However, despite the well 
known protein-sparing action of carbohydrates, it seems improbable that 
the values were lowered by the imposed experimental conditions. In the 
first place, no energy intake, however large, will induce nitrogen equilibrium 
when subminimal quantities of an amino acid are consumed. Further- 
more, even if one assumes the existence in native proteins of a component, 
the function of which is to promote physiological economy in the utilization 
of food energy or amino acids (ef. (6)), it does not seem reasonable to postu- 
late that the absence of this substance from the food would actually lessen 
the need of the body for an amino acid which it cannot synthesize. Finally, 
one should recall that with low protein diets, as contrasted with diets con- 
taining mixtures of amino acids, the experience of others has led not in- 
frequently to the use of relatively high caloric intakes. Thus, in describing 
an experiment in which egg protein furnished approximately 95 per cent of 
the nitrogen, Murlin et al. (9) state that at the beginning of the test the total 
energy value of the food was placed at 45 calories per kilo of body weight, 
“but when in individual cases it became apparent that this allowance was 
not sustaining body weight it was raised to 48 cal. per kilo or sometimes 
higher, by addition principally of carbohydrate.”’ In a study of the pro- 
tein requirements of young women, Bricker et al. (10) observed that one 
of the ten subjects needed 50 calories per kilo to maintain body weight. 
In the light of these facts, and in view of the strange increase in fuel re- 
quirements associated with the use of diets containing amino acids, the 
caloric intakes employed throughout our quantitative experiments were 
not so excessive as first impressions might lead one to believe. 

The difficulties involved in investigations of this nature have been dealt 
with at some length in order that the reader may be fully advised as to the 
exact conditions under which the findings described in this and subsequent 
papers of the series were obtained. Despite certain meagerly understood 
variables and uncertainties involved in nitrogen balance studies with 
amino acid diets, the values to be reported are believed to approximate 
very closely the true minimal needs of adult males of the human species. 
One would wish that a larger number of tests could have been conducted. 
In all, forty-six successful quantitative experiments have now been com- 
pleted. These represent a tremendous undertaking extending over a period 
of 8 years. The data are presented with complete confidence, but, as 
emphasized on many occasions by the senior author, must be viewed as 
strictly tentative until experience in other laboratories demonstrates their 
applicability to a greater number of individuals. 
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Tryptophan Requirement—It was realized at the start that the cost in 
time and materials of conducting nitrogen balance experiments in man 
would render it impracticable to use a large number of subjects, such as one 
would expect to do in determining the quantitative needs of small animals. 
Indeed, it was hoped that for each amino acid two quantitative tests upon 
different individuals would suffice. Subsequent events proved this as- 


Composition and Daily Intakes of Amino Acid Mixtures 


Mixture 3 Mixture 24 Mixture 11 Mixture 182 


As used | content As used ai As used om a As used = 
| gm. gm. gm. gm. gm. gm. gm. gm. 
1.02 | 8.56*) 1.02 | 8.56% 1.02 | 3.20*| 0.38 
See 4.91 | 0.52 | 4.91 | 0.52 | 4.91 | 0.52 | 4.91 | 0.52 
| 6.16* 0.66 | 6.16*| 0.66 | 6.16*| 0.66 | 6.16*, 0.66 
0.35 | 3.68", 0.35 | 3.68* 0.35 | 3.68*, 0.35 
Mheeenine................... —6.16*, 0.72 | 6.16* 0.72 | 6.16* 0.72 | 1.60* 0.19 
Phenylalanine............... 64.29) «0.36 | 4.29 | 0.36 | 4.29 | 0.36 | 2.40* 0.20 
Tryptophan................. 1.85 | 0.25 | 0.20 | 0.03 | 1.85 | 0.25 | 0.20 | 0.03 
Lysine monohydrochloride... 7.69 | 1.18 | 7.69 | 1.18 | 7.69 | 1.18 | 2.00 | 0.31 
Histidine monohydrochloride 
monohydrate.............. | 3.29 | 0.66 | 
9.16 | 1.71 (12.17 | 2.27 14.68 | 2.74 27.59 | 5.15 
4.29 | 2.00 | 4.29 2.00 | 4.29 2.00 
52.46 6.771 61.40 9.77t 62.27 9.804 56.03 9.794 


* Racemic acids. 

t Of the nitrogen contributed by this mixture, 1.20 gm. were derived from the p 
isomers of valine, isoleucine, and threonine. 

t Of the nitrogen contributed by this mixture, 0.62 gm. was derived from the pb 
isomers of valine, isoleucine, and threonine. 


sumption to be incorrect. However, two experiments were inaugurated 
for the purpose of measuring the L-tryptophan requirement. 

The first subject, R. J. D., received initially a diet composed of amino 
acid Mixture 3 (Table I), Wafers III (Table I1), 119.9 gm. of additional 
sucrose, and 75 gm. of additional butter fat. The usual vitamins (ef. (1)), 
and 15 gm. of Cellu flour to provide a residue in the alimentary tract, were 
administered apart from the basal ration. Table I reveals that amino acid 
Mixture 3 contained the eight essentials and glycine. The latter was in- 
cluded as an extra source of nitrogen. The daily allotment of the mixture 
furnished 6.77 gm. of nitrogen of which 1.20 gm. were derived from the D 
isomers of valine, isoleucine, and threonine. Each day, the correct quan- 
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tity of the mixture was dissolved in water and flavored with 100 ml. of fil- 
tered lemon juice. The entire diet supplied 6.99 gm. of nitrogen of which 
0.22 gm. was of an unknown nature. The latter was derived largely from 
the starch and in lesser amounts from the butter fat, lemon juice, and liver 
concentrate present in the vitamin pills. The daily energy intake from 
all sources amounted to 3630 calories. One-third of the amino acid solu- 
tion and other dietary components was consumed at each meal. 

The results of the experiment upon Subject R. J. D. are summarized in 
Table IIIf. As will be observed, the initial daily intake of L-tryptophan 


Taste Il 
Composition and Daily Intakes of Wafers* 


Wafers Ila Wafers III 
Component 
Dally | Dolly tatche| 
caloriest | | caloriest 
gm gm. | 
165.00 617 265.00 991 
35.00 139 222 
Butter fat (melted and centrifuged). __. 67.00 623 107.00 995 
Salt mixture (1). ..... 4.71 4.71 
Baking 7.60 10t 7.60 10t 


294.31 1436 455.31 2265 


* The daily intakes of Wafers IIa and III contained, respectively, 0.11 and 0.14 
gm. of unknown nitrogen. 

+ After correcting for moisture. 

t Derived from the starch present in the baking powder. 


was 1.85 gm. This quantity had been found adequate in several of the 
qualitative experiments (1, 2). As was to be expected, the subject came 
into positive balance upon this régime. After 4 days the tryptophan con- 
tent of the food was decreased to 0.93 gm. daily, and the quantity of glycine 
was slightly increased to provide a constant intake of total nitrogen. Un- 
der these conditions the subject continued to show a positive balance. 
Like results were obtained during the next two periods in which the trypto- 
phan intake was successively diminished to 0.46 and 0.23 gm. daily. 
Unfortunately, it became necessary at this point to interrupt the ex- 
periment temporarily to allow the subject to return to his home for the 
Christmas recess. The test was resumed about 3 weeks later. In the 
meantime, other experiments then under way suggested the desirability 
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of altering the ration in two respects, namely, by providing a more abun- 
dant supply of nitrogen for the synthesis of the non-essential amino acids, 
and by including histidine as a precaution against the contingency that 
certain individuals might require this amino acid. In the light of later 
events, it is now quite certain that neither of these alterations was neces- 
sary.2. However, in order to exclude the possibility that one or both of the 
factors in question might affect the findings in the tryptophan test, the 
ration was modified by the replacement of amino acid Mixture 3 by Mix- 
ture 24 (Table I). The latter mixture contained 9.77 gm. of nitrogen and 


Tasre 
Tryptophan Requirement of Man, Subject R. J. D. 
Period averages. 


Period | Daily, daily N Diet notes* 
weight balance 
Urine | Feces | 
days keg. sm em. | sm. em. 
4 65.3 | 6.99 6.02 | 0.72; +0.25 | 1.85 gm. L-tryptophan 
5 65.8 | 6.99 | 5.61 0.74! +0.64 0.93 “ 
6 65.8 6.99 | 5.86 0.85  +0.28 0.46 “ “ 
8 65.3 | 6.99 | 5.69 0.64) +0.66 0.23 “ “ 
Intermis- | 
sion | 
5 66.7 | 9.99 |8.95 0.77. +0.27 0.20 gm. L-tryptophan 
5 66.7 | 9.99 | 9.81 0.55| -0.37 | 0.10 “ “ 
8 66.2 | 9.99 | 9.23/ 0.64) 40.12 | 0.15 “ “ 
6 66.7 | 9.99 | 9.83 0.66) —0.50 0.15 pi-tryptophan 


* During the first four periods, the amino acid mixture contained only the eight 
essentials plus glycine; thereafter, it also furnished 3.29 gm. of histidine monohydro- 
chloride monohydrate and 4.29 gm. of urea daily. 


3.29 gm. of histidine monohydrochloride monohydrate. Furthermore, 
the tryptophan content was reduced to 0.20 gm. daily. The unknown 
nitrogen and calories in the entire ration remained unchanged. 

Subject R. J. D. (Table IIT) came into positive nitrogen balance prompt- 
ly on the modified diet and continued so during the 5 days of the period. 
On the contrary, decreasing the tryptophan intake to 0.10 gm. daily im- 
mediately induced a negative balance, which was reversed during the 


* The quantitative experiments herein described were undertaken while we were 
still somewhat uncertain concerning the dietary réle of histidine in man. This un- 
certainty no longer exists. As stated in a recent paper (5), more than 50 individuals 
have now been maintained in nitrogen equilibrium, or in positive balance, upon diets 
devoid of this amino acid. 
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penultimate period by raising the intake to 0.15 gm. daily. Evidently, 
the latter quantity represents the minimal requirement of this subject. 
The last period demonstrates that pi-tryptophan is much less effective 
than L-tryptophan. In contrast to the rat, in which p-tryptophan is 
almost equal to L-tryptophan in its growth effects (11), in man utilization 
of the p isomer appears to occur to a very slight extent, if at all. 

The second experiment (Subject I. R. H.) was started about 10 days 
after the first and like the latter was interrupted temporarily by the Christ- 
mas recess. The initial diet of Subject I. R. H. was composed of amino 
acid Mixture 11 (Table I), Wafers Ila (Table I1), 156.6 gm. of additional 
sucrose, and 75 gm. of additional butter fat. The vitamin pills and Cellu 
flour (15 gm. daily) were again administered apart from the basal ration, 
and 100 ml. of lemon juice daily served as the flavoring agent for the 
amino acid solution. Attention is called to the fact that Mixture 11 con- 
tained 9.80 gm. of nitrogen, but was devoid of histidine. For the reason 
stated above, 3.29 gm. of histidine monohydrochloride monohydrate were 
introduced into the mixture, at the expense of an equal amount of nitrogen 
in the form of glycine, when the experiment was resumed after the tem- 
porary interruption. The reader may be assured that the presence or 
absence of histidine did not affect the outcome of the test. The total 
nitrogen content of the ration of Subject I. R. H. was 9.99 gm. daily, of 
which 0.19 gm. was of an unknown nature. The daily energy intake 
amounted to 2970 calories. 

Table IV summarizes the results of the experiment. As was anticipated, 
the subject showed a strong positive balance during the first period, when 
the daily tryptophan intake was 1.85 gm. Since the data for the first 
three periods of the preceding test were now available, the tryptophan 
intake of Subject I. R. H. was dropped immediately to 0.23 gm. Despite 
this marked change, the subject continued to show an average daily re- 
tention of 0.40 gm. of nitrogen. A similar degree of positive balance 
ensued when, following the temporary intermission, the tryptophan in- 
take was further reduced to 0.20 gm. daily. However, when only 0.10 
gm. of tryptophan was consumed, the nitrogen output for the period 
exactly equaled the intake. From this, one might conclude that the 
minimal requirement of the subject was 0.10 gm. per day. Against this 
conclusion is the fact that he was in positive balance for only 2 days and 
in negative balance for 4 days of the period. Furthermore, one of the 
positive days was the Ist day following the reduction of the tryptophan 
intake, when, it may be assumed, the effects of the higher level of the 
preceding period may not have entirely disappeared. If the Ist day is 
excluded and the average balance is calculated for the last 5 days only, 
the resulting figure is —0.13 gm. In view of this fact, and of similar 
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borderline findings in experiments involving other amino acids, the pro- 
cedure has been followed in all of the quantitative experiments of desig- 
nating as the subject’s minimal requirement the smallest quantity of an 
amino acid which is capable of inducing a distinctly positive balance as 
measured by the average of a period of several days. According to this 
criterion, the minimal daily tryptophan requirement of Subject 1. R. H. 
was 0.15 gm., the amount administered during the third period following 
the intermission. The last period of the test demonstrates again that 
DL-tryptophan is incapable of replacing L-tryptophan on an equal weight 


Tasie IV 
Tryptophan Requirement of Man, Subject 1. BR. H. 
Period averages. 


Average daily 


Period | body | DellyN, Diet notes* 
weight intake 
Urine Feces 
days keg. om. om. em. cm. 
7 | 83.5 9.99 8.50 0.74 +07 1.85 gm. L-tryptophan 
8 53.1 9.99 8.75 O.S4 +0.40 02 
Intermis- 
sion 
5 54.4 9.99 8.61 0.86 +0.52 0.20 gm. L-tryptophan 
6 54.9 9.99 9.28 0.71 or 0.100 
10 54.9 9.99 9.00 0.83 +0.16 0.15 
5 54.4 9.99 9.54 0.88 -—0.43 0.15 “ pL-tryptophan 


* During the first two periods, the amino acid mixture contained only the eight 
essentials plus glycine and urea; thereafter, it also furnished 3.29 gm. daily of his- 
tidine monohydrochloride monohydrate. 

t The subject was in positive balance during 2 days and in negative balance dur- 
ing 4 days of this period. 


basis. Evidently, very little, if any, of the p isomer is inverted by the 
human organism. 

The uniformity of the findings in the experiments outlined above ap- 
peared to substantiate the idea that comparatively little variation would 
be encountered in the requirements for a given amino acid by different 
individuals and that two tests with each amino acid might be sufficient. 
Therefore, attention was turned to measurements of human needs for 
other essential amino acids. In doing so, it was decided to reduce the 
tryptophan intake of the subjects from the high value (1.85 gm. or more 
daily) employed in the qualitative experiments (1-5) to a level which 
would provide only a moderate excess over the apparent minimal require- 
ment. For this purpose, 0.20 gm daily was chosen. Obviously, the 
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routine use of such an intake would accomplish a considerable saving of 
expensive material, but, more importantly, it would demonstrate, in the 
case of subjects so maintained, that the minimal tryptophan requirement 
could not exceed 0.20 gm. daily. In other words, the proposed procedure 
appeared to afford a means of acquiring cumulative information concern- 
ing the upper limit of human tryptophan needs. 

During the next 3 vears, fifteen young men, who were serving as sub- 
jects in various amino acid experiments, were maintained in positive 
nitrogen balance upon daily intakes of 0.20 gm. of L-tryptophan. Their 
body weights varied from 53 to 79 kilos. In the light of this experience, 
it seemed improbable that any subject would be found with a requirement 
in excess of 0.20 gm. However, the unexpected happened in the person 
of a young man who was being used for the purpose of ascertaining the 
extent of utilization of p-phenylalanine. The initial diet of this subject 
(R. E. F.) consisted of amino acid Mixture 182 (Table I), Wafers IV (ef. 
(6)), 184 gm. of additional sucrose, and 23.1 gm. of additional butter fat. 
Cellu flour was incorporated in the wafers, but the vitamins were adminis- 
tered separately in the form of pills. The total nitrogen content of the 
food was 10.08 gm. of which 0.29 gm. was of an unknown nature. The 
energy intake from all sources amounted to 3817 calories. 

The results of the experiment are presented in Table V. Attention is 
called to the fact that during the first period of 6 days, with a daily intake 
of 0.20 gm. of L-tryptophan, the subject showed an average daily loss of 
0.54 gm. of nitrogen. Because of this unexpected behavior, the experi- 
ment was continued without dietary change for another period of 8 days. 
Again the nitrogen balance was strongly negative. At this point, the 
energy intake of the subject was raised to the very unusual figure of 60 
calories per kilo. Under these conditions also nitrogen equilibrium was 
not attained. Parenthetically, the latter observation illustrates the fact 
that when an inadequate quantity of an essential amino acid is being 
consumed, increasing the energy intake does not induce nitrogen balance. 
On the other hand, when the tryptophan content of the food was increased 
during the next period to 0.30 gm. daily, a positive nitrogen balance ensued 
immed ately. Clearly, the tryptophan requirement of this young man 
exceeded 0.20 gm. daily. 

The negative balance observed in Subject R. FE. F. during the penulti- 
mate period had no relationship to the tryptophan intake. Its full signifi- 
cance will be considered in a later paper. It is sufficient here to state that 
the loss of nitrogen was due solely to the substitution of p-phenylalanine 
for pt-phenylalanine. Indeed, the original purpose of the experiment was 
to observe the effect of this substitution. However, during the final 
period, when pi-phenylalanine was returned to the ration and the L-tryp- 
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tophan content was reduced to 0.25 gm. daily, a strong positive nitrogen 
balance was reestablished. On the basis of these findings, one must con- 
clude that the minimal tryptophan requirement of Subject R. E. F. was 
0.25 gm. daily. This represents the highest requirement for tryptophan 
encountered in the entire series of investigations upon human subjects. 
The reader will note that Subject R. E. F. was heavier than either of the 
other young men who served in the tryptophan experiments. This fact 
immediately suggests that the tryptophan requirement may be a function 
of the size of the individual. Indeed, such a correlation might reasonably 
be expected in subjects who are neither over nor under weight for their 


Tasie V 
Tryptophan Requirement of Man, Subject R. B. F. 
Period averages. 


Period body | intake | daily Diet notes 
Urine Feces 
days kg. em. cm. cm. 
6 | 69.9 10.08 | 9.62) 1.00 —0.54 0.20 gm. L-tryptophan; 55 calories 
8 70.8 10.08 9.44 1.04 -—-0.40 : 
7 70.3 | 10.09° | 9.34 0.96 | —0.21 0.20 “ ; 60 
4 71.2 | 10.09 | 8.72 | 0.96 +0.41 0.30 “ ” — = 
5 71.2 | 10.09 | 9.36 | 1.03 | —0.30 | 0.30 “ - ; “~ 
5 71.7 | 10.09 | 8.62 | 0.90 | +0.57 | 0.25 “ - ; oo - 


* The slightly higher nitrogen intake during the last four periods was derived 
from the extra butter fat used as a source of part of the additional calories. 

t During this period only, the diet contained 2.2 gm. of p-phenylalanine instead 
of the 2.4 gm. of pi-phenylalanine administered daily during all other periods. 


height. One of the quantitatively important réles of an essential amino 
acid is to participate as a building unit in the synthesis of body proteins, 
and this use should depend in large measure upon the mass of active proto- 
plasm. However, a modification of the concept that weight is the primary 
determinant became necessary as more data became available. Even in 
the three tryptophan experiments the correlation is poor, since the observed 
requirements on a weight basis were 2.3, 2.8, and 3.6 mg. per kilo, respec- 
tively. Apparently, the factors which affect the needs of the organism 
are not so simply defined as one would anticipate. Of the fifteen young 
men who were maintained successfully on 0.20 gm. of L-tryptophan daily, 
eight weighed more than Subject R. E. F., whose daily requirement was 
0.25 gm. Other examples of a similar sort will appear in subsequent 
papers. Even more surprising perhaps is the fact that all attempts to 
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correlate amino acid requirements with body surface, creatinine output, or 
in some instances with the basal metabolic rate were unsuccessful. Ad- 
mittedly, the situation is a puzzling one, but, because of these considera- 
tions, an expression of human amino acid needs in terms of mg. per unit 
of body weight or body surface does not appear to be a helpful or wise 
procedure at the present time. 

This brings us to the problem of the most appropriate method of desig- 
nating the minimal amino acid requirements of man and the value to be 
assigned in the case of L-tryptophan. Differences of opinion will undoubt- 
edly exist regarding this point. In many types of animal experiments, in 
which it is feasible to conduct a relatively large number of tests, the results 
lend themselves readily to statistical analysis. Under such circumstances, 
calculation of the mean and its probable error greatly facilitates the inter- 
pretation of the findings. This procedure would scarcely be advantageous 
in the present investigation, since only three quantitative measurements 
were made. However, one might take into account the fact that 0.20 gm. 
of tryptophan proved to be an adequate daily intake for fifteen additional 
subjects and might even contend that this intake was sufficiently close to 
the actual requirements to warrant the inclusion of the experiments in a 
statistical analysis. Indeed, it is reasonalily certain that the minimal 
needs of the subjects in question did not differ more than 0.05 gm. daily 
from the quantity of tryptophan which they consumed. With most of the 
essential amino acids, as will be shown in later papers, no attempt has been 
made to establish the minimal daily requirements with greater accuracy 
than 0.10 gm. of the substance. Hence, if one were disposed to include 
the fifteen maintenance tests and to calculate the mean and its probable 
error, on the basis of the eighteen experiments, the answer would be 0.197 
+ 0.003 gm. This value appears to imply a precision which the nitrogen 
balance technique does not possess. Even more significantly, Subject 
R. E. F. would not have attained nitrogen equilibrium upon a daily tryp- 
tophan intake of this size. In investigations of the nature of the present 
one, in which the number of individual experiments must of necessity be 
limited and in which allowance must be made for biological variability, 
the most appropriate practice, it seems to us, is lo present all of the findings 
and to designate the highest observed value as the tentative minimal requirement. 
For this reason, 0.25 gm. daily is proposed as the tentative L-tryptophan 
requirement of adult human males. A like procedure will be followed with 
respect to the other essential amino acids, despite the fact that in most 
instances a larger number of tests was conducted than in the case of tryp- 
tophan. 

One final point requires consideration. Selection of the highest observed 
value as the minimal requirement of the organism for an amino acid does 
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not exclude the possibility that other subjects who have not been tested 
may have still higher needs. Some allowance, therefore, must be made 
for this contingency. Attention has been called to the practice adopted 
after the first two quantitative experiments involving tryptophan of 
including a slight excess (0.20 gm.) of this amino acid in the diets of sub- 
jects being used in similar experiments with other amino acids. As pointed 
out, this was for the purpose of accumulating information, in a larger 
number of individuals, concerning the upper limit of the tryptophan 
requirement. This procedure has now been followed with each amino 
acid as data have been acquired regarding the minimal needs of subjects 
for it. However, our thinking has undergone a change with respect to the 
magnitude of the excess to be used. The uniformity of the findings in the 
first two tryptophan experiments led us to suspect little variation in the 
amino acid needs of different subjects. As less constant values for other 
amino acids came to light, this view was altered, and twice the highest 
observed minima were adopted as the quantities to be furnished in subse- 
quent tests. 

Elsewhere (8) these twice minimal levels were referred to as “recom- 
mended intakes.’’ Unfortunately, the term has been interpreted by some 
as being synonymous with optimal intakes. Never was it our intention to 
convey such an implication. No method is available for the establishment 
of optimal intakes of amino acids. The best one can do is to determine 
the minima, as closely as practicable, and then to make reasonable allow- 
ances for the possibility that other subjects may have still higher require- 
ments. Allowances of this nature were made in the so called “‘recom- 
mended intakes.” On the other hand, optimal levels, if they could be 
measured, undoubtedly would be still higher. In view of the misunder- 
standing associated with the term “recommended” we are abandoning its 
use and hereafter shall refer to twice minimal levels of amino acids as safe 
intakes. Indeed, one can show statistically that the odds are overwhelm- 
ingly against the possibility of a deficiency in a subject who is consuming 
twice the highest observed minimal requirement. With respect to L- 
tryptophan, thirty-six subjects have now been maintained in positive 
balance on daily intakes of 0.30 gm. or less, and no subject has been found 
with a higher requirement. Consequently, one may affirm with confidence 
that 0.50 gm. of L-tryptophan is a safe intake. Indeed, experience in the 
future may demonstrate that this quantity may be lowered without sacri- 
ficing safety. 


SUMMARY 


Three quantitative experiments have been conducted upon normal 
young men for the purpose of establishing the minimal L-tryptophan 
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requirement as measured by the maintenance of positive nitrogen balance. 
The results show that the subjects required 0.15, 0.15, and 0.25 gm., 
respectively. Fifteen other young men were maintained upon a daily 
intake of 0.20 gm. of L-tryptophan, but no attempt was made to determine 
their exact minimal needs. No correlation was observed between the 
tryptophan requirements of the subjects and their body weights, body 
surfaces, or creatinine output. 

Inasmuch as experiments of this nature must of necessity be restricted 
to a very small sample of the human species, it is proposed as a precaution- 
ary measure that the highest observed value, or 0.25 gm., be designated 
tentatively as the minimal daily L-tryptophan requirement. The selection 
of this figure appears to be more appropriate than the use of a mean, despite 
the fact that only one of eighteen subjects manifested a requirement of 
this magnitude. 

The possibility cannot be excluded that an occasional individual may 
require in excess of 0.25 gm. of L-tryptophan; hence, allowance should be 
made for this contingency in formulating human diets designed to exclude 
amino acid deficiencies. At the present time, 0.50 gm. of L-tryptophan 
certainly may be regarded as a safe daily intake. Subsequent experience 
may permit this figure to be lowered. However, a safe intake is not to be 
confused with an optimal intake, which undoubtedly is still higher, but for 
which no direct measurement is available. 

The results of two experiments in which L-tryptophan was replaced by 
the racemic amino acid indicate that little, if any, of the p isomer is utilized 
by man. 
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STUDIES ON THE FORMATION OF UREA-INSOLUBLE FIBRIN* 


By ARIEL G. LOEWYt anno JOHN T. EDSALL 


(From the Department of Biophysical Chemistry, Harvard University, Boston, 
Massachusetts) 


(Received for publication, July 23, 1954) 


It has been shown that fibrin clots are of two types (1-3). One, denoted 
here as fibrin s, is soluble in 5 m (30 per cent) urea and in certain other 
solvents (4); the other, denoted here as fibrin 7, is insoluble in these rea- 
gents. Fibrin i clots show a higher rigidity and lower stress relaxation 
than those of fibrin s (5). Calcium and a non-dialyzable factor found in 
plasma are necessary for the formation of fibrin 7. Since the recognition 
of the presence of this factor is due primarily to Laki and Lorand (2), it 
will be referred to here as the Laki-Lorand factor, or L-L factor. 

The studies briefly reported here are concerned with the assay of the 
Laki-Lorand factor, with some preliminary attempts to separate it from 
fibrinogen, with the transformation of fibrin s to fibrin 7 after a clot of 
fibrin s has already formed, with the inhibition of fibrin i formation by 
reagents which react with sulfhydryl groups, with the action of certain 
sulfhydryl compounds which appear to function as substitutes for the 
L-L factor, and with certain other related observations. 


Materials and Methods 


Plasma—Plasma which has been freed from calcium by passage over a 
cation exchange resin on the sodium cycle, was used throughout these 
- experiments. It was stored at 0°, and, unless it clotted spontaneously, 
maintained indefinitely its ability to form fibrin 7. 

Fibrinogen—Human Fraction I (6, 7) was used as a fibrinogen solution 
in many of the experiments. This contains approximately 60 per cent of 
clottable protein; the nature of the other constituents has been discussed 
elsewhere (6, 7). What is of major importance for the present work is 
that Fraction I invariably contains considerable amounts of the L-L 
factor; hence the clots formed from it in the presence of 0.001 m calcium 
ion are invariably of the urea-insoluble type (fibrin 1). 

Fraction I-2 of Morrison, Edsall, and Miller (7) is a fibrinogen of much 

* This work has been supported by funds of Harvard University and the Eugene 
Higgins Trust, by grants from the Rockefeller Foundation and the National Insti- 
tutes of Health, and by contributions from industry. 

t This work was carried out during the tenure of a National Institutes of Health 
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ford, Pennsylvania. 
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higher purity, containing 90 to 97 per cent of clottable protein before 
lyophilization, although the lyophilized and redissolved material usually 
contains a slightly smaller percentage of clottable protein. The prepara- 
tion of Fraction I-2 from Fraction I involves a precipitation of the fibrino- 
gen at pH 5.0 to 5.2; it has been reported by Lorand (3) that the L-L 
factor is inactivated by exposure to this pH. It was found, however, that 
the factor was still active in five out of seven previously prepared lots of 
Fraction I-2 which were tested in the course of the experiments. In the 
other two preparations, the factor activity had been lost, and urea-soluble 
clots were obtained even in the presence of 0.001 m calcium ion. As yet 
there is no adequate explanation of this difference between the different 
preparations; probably the exact time and conditions of the exposure of 
the Fraction I-2 to acid pH are of importance. The factor activity is not 
found in the supernatant solutions from the acid precipitation; hence, 
when the factor activity is lost from the fibrinogen preparations, the loss 
appears to be due to destruction, not to fractionation (see also Shulman 
(8)). 

The preparations of Fraction 1-2 which were found to be free of the 
L-L factor were used in subsequent experiments for assay of the factor, 
by the methods described below. The preparations of Fraction I or 
Fraction I-2, which were used in the experiments described here, were 
first dialyzed overnight against sodium chloride (0.30 or 0.15 m) to remove 
citrate, according to the procedure of Edsall and Lever (9). 

Thrombin—Human thrombin with an activity of 22 units per mg. was 
used (10). Stock solutions of thrombin in 60 per cent glycerol (500 units 
per ml.) were kept at —18° and under those conditions maintained their 
activity unchanged for several months. 

Measurements of L-L Factor Activity—The principle of the method was 
to add various dilutions of solution containing factor to solutions of fibrino- 
gen, to form a clot in the presence of calcium, and determine the highest 
dilution of factor still giving a visible clot after addition of urea. The 
transition between the presence and absence of clot was quite sharp (see 
Fig. 1 for quantitative data) and the method proved to be perfectly 
reproducible. 

The specific conditions are as follows: 

The clotting mixture consisted of 0.1 ml. of 0.5 per cent solution of 
Fraction I-2 (free of L-L factor) dissolved in 0.15 m (or sometimes 0.3 m) 
NaCl and 0.002 m CaCl. The pH was adjusted to 6.4 by addition of very 
small amounts of 0.02 m HCl or NaOH, with rapid stirring. 0.01 ml. of 
thrombin solution, which contained 100 units per ml., was added. The 
unit of thrombin is the unit defined by the Division of Biologics Control, 
National Institutes of Health, Bethesda, Maryland. 
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The clots were allowed to stand at room temperature for 24 hours; then 
1.0 ml. of 5 Mm urea was added, and the clot was detached from the bottom 
of the test-tube with a glass rod. Readings for the presence or absence of 
clot were taken after 24 hours. A completely dissolved clot was denoted 
by 0, a clot which appeared unchanged was denoted by ++++, and a 
smaller number of plus signs indicated intermediate stages of dissolution. 


Results 


Weight of Urea-Insoluble Clot As Function of Relative Concentration of 
Laki-Lorand Factor—Two lots of Fraction 1-2, one containing the L-L 


i i i i i 
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Fic. 1. Yield of urea-insoluble fibrin as a function of the relative concentration of 
the Laki-Lorand factor. The total clottable protein in the system was constant in 
all samples; the system was composed, in varying proportions, of a mixture of Frac. 
tion I, containing the L-L factor, and Fraction I-2, which was free of factor. Fibrin 
vield is expressed as per cent of the maximal yield attainable in the presence of fully 
adequate amounts of L-L factor. 


YIELD OF UREA INSOLUBLE FIBRIN 


factor, the other free of factor, were mixed in various proportions, but at 
constant total fibrinogen concentration; the pH was 6.4, ionic strength 
(1/2) 0.15, thrombin 2 units per ml. Clotting was carried out in “butter 
dishes” by the Morrison method (11). After 24 hours the clots were 
immersed in 100 ml. of 5 m urea for 24 hours, then washed three times 
with 50 ml. of 0.15 m NaCl, twice with 50 ml. of distilled H,O, then syn- 
erized on cloth, dried for 18 hours in an oven at 110°, and weighed. 

The results, presented in Fig. 1, show that the transition from a clot 
which is completely soluble in urea solution to one which is completely 
insoluble occurs over a very narrow range of concentration of the L-L 
factor. This provides a quantitative justification for the assay procedure 
adopted here. 
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Transformation of Fibrin s into Fibrin i—It was found that fibrin s could 
be converted into fibrin 7 after clot formation had occurred. This trans- 
formation could be brought about either with Fraction I, which already 
contained the L-L factor, by treatment with calcium ion only, or in Frac- 
tion I-2, free of the L-L factor, by treatment with serum and calcium. 
Protocols of typical experiments are given below. 

With Fraction I—0.1 ml. of Fraction I solution, pH 6.4, T/2 = 0.15, 
was mixed with 0.01 ml. of thrombin; final concentration 10 units per ml. 
The clot remained at room temperature for 3 hours and then at 0° for 
48 hours. The clot was incubated in 1 ml. of 10-* m CaCl, for 24 hours. 
The control clot was incubated with calcium-free sodium chloride solution 
(0.15 m). The solubility of the clots was tested with 1 ml. of 5 m urea. 
Calcium present, ++-++; calcium absent, 0. 

With Fraction I-2 (Free of L-L Factor)—0.1 ml. of Fraction I-2 solution, 
pH 6.4, P'/2 = 0.15, was mixed with 0.01 ml. of thrombin; final concen- 
tration of thrombin 10 units per ml. The clot remained at room tem- 
perature for 3 hours and then at 0° for 48 hours. The clot was incubated 
in 1 ml. of serum containing 10-* m CaCl, for 24 hours. Two control 
solutions were also observed; one contained 1 ml. of Ca**-free serum; the 
other, 0.001 m CaCl, but no serum. The solubility of the clots was 
tested with 1 ml. of }M urea. Serum + calcium, ++-+-+; serum only, 
0; calcium only, 0. 

Other studies indicated that even the apparently factor-free fibrinogen 
preparations which were sometimes obtained as Fraction I-2 were capable 
of yielding a certain amount of urea-insoluble clot on incubation for 24 
hours with 0.005 m calcium chloride; presumably this residual action was 
due to small traces of the factor which had not been removed. It was 


found that concentrations of calcium ion as low as 10-5 Mm were still capable — 


of producing some urea-insoluble clot by incubation with Fraction I for 
24 hours. 


Attempts at Fractionation of L-L Factor—Numerous attempts were made | 


to separate the L-L factor from fibrinogen, but relatively little success was 
achieved. Fraction I was generally used as starting material and frac- 
tionation was attempted with ammonium sulfate, with ethanol at low 
temperature, and also by acidification at pH 5.1. Fractionation experi- 
ments employing precipitation with zinc and glycine were also carried 
out. In no case was it possible to obtain a clear-cut separation. Precipi- 
tation at 8 per cent ethanol at —3° near pH 7 yielded a supernatant solu- 
tion which contained half of the fibrinogen and much the greater part of 
the L-L factor activity. The precipitate, however, still contained a signifi- 
cant amount of activity. Precipitation with ammonium sulfate at 30 
per cent saturation left only a small amount of fibrinogen in solution, but 
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this small fraction appeared to be nearly free of the factor. These pre- 
liminary observations are recorded here as possible clues for further studies. 

Effects of Calcium-Binding Reagents on Formation of Fibrin i—Solutions 
of Fraction I, dissolved in 0.15 m NaCl, at pH 6.4, and in the presence of 
10-* m calcium chloride and various calcium-binding reagents, were clotted 
and allowed to incubate for 24 hours. The clots were treated with urea 
solution, with the results shown in Table I. 

It appears from these results that there must be considerable affinity 
between calcium ion and the system which it activates. Citrate and 
oxalate at the concentrations indicated in Table I are quite effective in 
inhibiting the conversion of prothrombin to thrombin at similar calcium 
ion concentrations, but they have virtually no effect in preventing the 
formation of fibrin 7. Among the reagents tested, only EDTA at a con- 


I 
Effect of Calcium-Binding Reagents on Formation of Fibrin i 
Concentration of calcium ion, 0.001 M in all experiments. 


= 


Calcium-binding reagent | Molar concentration ¥ 


* Ethylenediaminetetraacetate. 


centration considerably more than equivalent to the calcium ion present 
proved an effective inhibitor. 

Inhibition of Fibrin i Formation—Several reagents which react specifi- 
cally with sulfhydryl groups were found to inhibit the formation of fibrin 7 


. even at very low concentrations, although all the other constituents re- 


quired for formation of urea-insoluble fibrin were present. 

To Fraction I solution (pH 6.4, T/2 = 0.15, 10 m calcium chloride) 
various reagents were added; the mixture was clotted with thrombin 
(5 units per ml.) for 1 hour and the solubility in 5 m urea tested (see Table 
IT). 

These results, which are typical of others obtained, show that reagents 
which are specific for sulfhydryl groups are capable of inhibiting the forma- 
tion of fibrin 7 even at high dilutions. This is particularly true of mercury 
salts, or of methyl mercury nitrate, which are inhibitory even at 10~° m. 

In the experiments reported in Table II, no attempt was made to remove 
the added reagent before adding thrombin. On the other hand, in studies 
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with iodoacetamide, it was found that treatment of Fraction I or Fraction 
I-2 with this reagent (10-* m) for 18 hours at pH 7.8, ionic strength 0.15, 
did not lead to permanent inhibition of the capacity for forming fibrin 7 
if the reagent was removed by thorough dialysis before the clot was formed 
in the usual manner. 2 ml. of the fibrinogen-containing solution, after 
treatment with iodoacetamide, were dialyzed against 5 liters of 0.15 m 
sodium chloride solution for 10 hours, then against another 5 liter sample 
for 24 hours. 

Pretreatment with Urea—F¥raction I was treated with 20 per cent urea 
for 6 hours, then dialyzed (2 ml. against 5 liters of 0.3 m NaCl for 18 hours), 
The fibrinogen was then clotted in the presence of calcium. The clot was 
found to be completely soluble in urea solution. Similar observations 


TaBLe II 
Inhibition of Formation of Urea-Insoluble Fibrin by Reagents Specific for 
Sulfhydryl Groups 
Concentration of reagent 

lodoacetate. 0 0 +4 ++ +4 +4 
lodoacetamide 0 0 0 
CuCl... 0 0 + + 


The symbol 0 denotes a clot which dissolved completely in 30 per cent urea. Plus 
signs denote a urea-insoluble clot. 


have already been reported by Shulman (8), who has concluded that urea 
inactivates the L-L factor. However, it may be the fibrinogen rather 
than the factor which is altered by the urea treatment, so that forma- 
tion of fibrin 7 becomes impossible. It is shown below that thioglycolate 
and Ca** ion can bring about the formation of fibrin 7 from factor-free 
fibrinogen and thrombin, but that pretreatment of this fibrinogen with 
urea solution destroys its capacity for producing fibrin 7. These observa- 
tions, taken together, appear to favor the hypothesis that the alteration 
produced by urea pretreatment is in the fibrinogen molecule rather than 
in the factor. The possibility that both are altered cannot, of course, be 
excluded. 

Formation of Fibrin i in Presence of Sulfhydryl Compounds without 
Addition of L-L. Factor—Fraction 1-2, free of L-L factor, was clotted in the 
presence of thioglycolate, cysteine, or glutathione at various concentra- 
tions in the presence and absence of 10-* m calcium. The results are 
recorded in Table ITI. 
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The action of thioglycolate was studied in more detail. A large amount 
of urea-insoluble fibrin (denoted by +++) was formed in the presence of 
0.03 and 0.01 m thioglycolate when calcium was added. No fibrin 7 was 
formed at 0.05 m thioglycolate or at 0.0075 m or below. 

It appears, therefore, that certain sulfhydryl compounds, within rather 
narrow limits of concentration, can substitute for the Laki-Lorand factor. 
The necessary molar concentrations appear surprisingly high. This 
substitution of sulfhydryl compounds for the L-L factor is of particular 
interest because of the necessity for calcium. It strongly suggests that 
we have here more than an accidental similarity. Shulman (8) has already 
noted that bovine serum albumin appears to function as a substitute for 
the L-L factor, but it is not yet known whether the sulfhydryl group of 
mercaptalbumin is necessary for this activity. 


IIt 
Effect of Sulfhydryl Compounds on Formation of Fibrin i in Presence and 
Absence of Calcium 


Concentration of reagent 


Reagent | 0.05 | 0.01 | 0.005 9.001 
| a | B tot aks 
Thioglycolate.... 0 |; O | +++) O 0 0 
| Oo | +++ | 0 0 0 | 0 
Glutathione......__.. 7 +++) 0 | +++); 0 | +4++/ 0 | O 0 


In the experiments listed under A, 10-* m calcium ion was present; in experiments 
listed under B, no calcium was added. 


A study was made of the action of thioglycolate on Fraction I which 
had previously been treated with various concentrations of urea. It was 
found that thioglycolate was incapable of producing fibrin 7 from fibrinogen 
which had been pretreated by being dissolved in urea at a concentration 
of 3 m or higher, the urea then being removed by dialysis before the clot- 
ting test, as previously described. 

Dissolution of Clots of Fibrin i by Thioglycolate—It has been reported by 
Lorand (3) that fibrin ¢ could be dissolved by 5 m urea in the presence of 
0.1 m thioglycolate. This finding could not be confirmed in the present 
studies. At 9.25 m urea and 0.1 m thioglycolate, the clot dissolved in 2 
hours. At lower concentrations of urea, dissolution was much slower, 
requiring more than 10 hours at 8 m urea. At urea concentrations of 6.7 
mu and below, thioglycolate even at 0.01 m caused the clot to shrink to less 
than one-tenth its former size. In doing so, the clot became very dense 
and compact. This effect was very striking and has not yet been observed 
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in the presence of any other reagent than thioglycolate. From the find- 
ings, it appears that thioglycolate has no significant effect in dissolving 
fibrin i except at urea concentrations much higher than those usually 
employed to distinguish fibrin i from fibrin s. 

Lack of Effect of Other Divalent Cations—Solutions containing three 
other divalent cations, Mn**, Sr**, and Ba**, were studied for their possi- 
ble capacity to substitute for Ca** in the formation of fibrin ¢. The re- 
sults were negative. No promoting action on fibrin i formation was 
observed, except at concentrations so high that the effects observed could 
be attributed to the traces of calcium ion known to be present in the prep- 
arations used. 


The results reported here are to be regarded as only preliminary, and 
no far reaching conclusions can be drawn from them. It would appear 
probable that fibrin ¢ contains all the cross-linkages found in fibrin s, but 
that it contains in addition certain cross-linkages corresponding to much 
stronger bonds. The effect of sulfhydryl reagents, particularly mercurials, 
in blocking the formation of fibrin 71, strongly suggests that the formation 
of these additional bonds depends upon a reaction in which sulfhydryl 
groups are involved. It is plausible to consider a mechanism of the type 
suggested by Huggins, Tapley, and Jensen (12) (see also (13, 14)) for the 
formation of urea-insoluble protein gels. They found that the formation 
of gels from serum albumin denatured in urea was dependent on the pres- 
ence of very small numbers of sulfhydryl groups and concluded that these 
are capable of interacting with disulfide groups to start a chain reaction 
by which intramolecular disulfide bonds are transformed into intermolecu- 
lar disulfide bonds. The reaction may be written 


R—S—S—R’ + R’SH 
—x X—R’SH 


where X denotes a peptide chain or other internal linkages which hold R 
and R’ together even when the S—S bond between them is broken. The 
group R’SH, as a result of the reaction, becomes available to repeat the 
process with a disulfide group from another molecule. Halwer (15) has 
presented evidence for the existence of such reactions in denatured oval- 
bumin. Sanger (16, 17) has studied the disulfide interchange reaction, 


R—S—S—R’ + R’—S—S—R”” = R—S—S—R’” + R’—S—S—R’” 


in compounds of known structure. The reaction, in neutral solution, is 
markedly accelerated by small amounts of sulfhydryl compounds, and 
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Sanger’s results appear in accord with the chain mechanism proposed by 
Huggins and his collaborators. 

The specific action of calcium ion in the formation of fibrin 7 remains 
obscure. Since calcium must be present when fibrin 7 is formed by the 
action of cysteine, thioglycolate, or glutathione (Table III) in the absence 
of the L-L factor, it would appear that the essential interaction involved 
is between the calcium ion and the fibrinogen molecule, or rather, perhaps 
with the altered molecule produced by the splitting of fibrinopeptide from 
fibrinogen. Possibly the calcium ion acts so as to stabilize a particular 
configuration of the fibrinogen molecule which permits the chain reaction 
of disulfide transfer to occur. 


SUMMARY 


As shown by Laki and Lorand, fibrin clots are of two types: fibrin 
which is soluble in 5 m urea, and fibrin 7, which is insoluble in this medium: 
A description is given of some properties of the plasma factor of Laki and 
Lorand (L-L factor) which, in the presence of calcium ion, promotes the 
formation of fibrin 7. It is shown that the factor can act on a clot of 
fibrin s, already formed, converting it to fibrin 7. The formation of fibrin 
i, from fibrinogen and thrombin or from fibrin s, is inhibited by several 
reagents which react specifically with sulfhydryl groups, notably by mer- 
curials, which act at concentrations of 10-'m. On the other hand, sulfhy- 
dryl compounds such as thioglycolate, cysteine, and especially glutathione, 
within a critical concentration range, bring about the formation of fibrin 
i even in the absence of the L-L factor, but the presence of calcium ion is 
obligatory here also. No other ion has been found which could be substi- 
tuted for calcium in promoting the formation of fibrin 7. When calcium 
is present, citrate and oxalate in excess fail to inhibit formation of fibrin 
i, even at concentrations considerably greater than those required to 
inhibit conversion of prothrombin to thrombin; ethylenediaminetetra- 
acetate inhibits, but only when present in considerable excess. Because 
of the demonstrated importance of free sulfhydryl groups, it is suggested 
that the structure of fibrin ¢ involves the formation of new intermolecular 
disulfide cross-links within the fibrin clot by means of a chain reaction of 
the type described by Huggins and his collaborators as leading to the 
gelation of serum albumin. 
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THE KYNURENINE TRANSAMINASE OF RAT KIDNEY* 


By MERLE MASON 


(From the Department of Biological Chemistry, Medical School, University 
of Michigan, Ann Arbor, Michigan) 


(Received for publication, May 13, 1954) 


The conversion of kynurenine to kynurenic acid was observed in intact 
animals by Kotake (2) in 1931. This reaction was studied in vitro by 
Mason and Berg (3, 4), who observed that slices and homogenates of rat 
liver converted both tryptophan and kynurenine to kynurenic acid. Simi- 
lar preparations from rat kidney did not convert tryptophan to kynurenine 
or kynurenic acid, but had a somewhat greater activity than liver in the 
conversion of kynurenine to kynurenic acid (3, 4). Liver and kidney 
preparations from pyridoxine-deficient rats showed a relatively weak action 
in the conversion of kynurenine to kynurenic acid and to anthranilic acid, 
but activity in both reactions was restored by the addition of pyridoxal 
phosphate to the incubation medium (4). On the basis of a requirement 
for pyridoxal phosphate and for a-ketoglutarate, it was suggested (4) that 
kynurenic acid is formed via a transamination reaction. It was recently 
demonstrated that transamination is the mechanism for its formation by 
extracts of Pseudomonas cells (5) and by the mitochondria of rat liver (6). 
The purpose of this paper is to report the presence of a kynurenine trans- 
aminase in rat kidney and to outline some of its properties. 


Materials and Methods 


(Compounds—.-Kynurenine was obtained as the sulfate from the urine of 
rabbits that had been fed L-tryptophan; p-kynurenine was prepared by a 
similar method from rabbits fed p-tryptophan (7, 8). Ammonium pyri- 
doxal phosphate, assayed as 62 per cent pure, was purchased from the 
California Foundation for Biochemical Research. 

Incubation—Adult rats were stunned and decapitated, and the kidneys 
were immediately removed and placed in crushed ice. After 5 minutes, 
the kidneys were homogenized in 4 times their weight of ice-cold distilled 
water in a Potter-Elvehjem glass homogenizer. The homogenate was 
centrifuged briefly at approximately 2000 r.p.m., and aliquots of the super- 
natant fluid were added, in most cases, immediately, to the incubation 

* A report of this study was presented before the American Society of Biological 
Chemists, Atlantie City, April 14, 1954 (1). This investigation was supported in 
part by a Summer Faculty Research Fellowship grant from the Horace H. Rackham 
School of Graduate Studies of the University of Michigan. 
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medium. Unless designated otherwise, the incubation mixture had a total 
volume of 3 ml. and contained the following amounts of substances in 
M/15 phosphate buffer: L-kynurenine sulfate, 9.26 uwmoles; a-ketoglutarate, 
40 pmoles; ammonium pyridoxal phosphate, 30 y; and 80 mg. (wet weight) 
of kidney in the form of homogenate. Most of the incubations were carried 
out in air atmosphere in stoppered test-tubes at 37° for 2 hours. 

Assay—Concentrations of kynurenine and kynurenic acid were de- 
termined by their absorption in the ultraviolet region essentially as de- 
scribed by Knox (9). Aliquots of the incubation mixture were deprotein- 
ized by the addition of 20 volumes of 1 per cent boric acid in 95 per cent 
ethanol. Readings were made at 333 and 365 my on the Beckman DU 
spectrophotometer, with the deproteinizing agent as a blank. Paper chro- 
matography was carried out according to methods that were described 
previously (3). 


Results 


In media which contained the amounts of pyridoxal phosphate and 
a-ketoglutarate indicated above, activity in the formation of kynurenic 
acid from kynurenine was considerably greater than that previously ob- 
served (4). Fig. 1 illustrates the relationship of activity to the concen- 
tration of kidney homogenate. At a concentration equivalent to 27 mg. 
of kidney per ml., the enzyme was considered to be saturated with sub- 
strate, and subsequent experiments were made with that concentration. 
More kynurenine disappeared than was recovered as kynurenic acid, but 
no evidence was found for its conversion to anthranilic acid at concentra- 
tions of kidney below 80 mg. per ml. The only fluorescent derivative 
found on paper chromatograms of the incubation mixtures was kynurenic 
acid. 

The reaction proceeds as well in nitrogen as in air, but little reaction 
occurs unless a-ketoglutarate is added. Since incubation in air had no 
detectable effect on the course of the reaction, most of the subsequent 
studies were made in an air atmosphere. 

The relationship of the activity to pH is shown in Fig. 2. The lower 
curve was obtained with use of a 15 minute incubation of the homogenate 
in 0.1 m phosphate buffer solutions containing added pyridoxal phosphate 
prior to the addition of kynurenine and a-ketoglutarate. From the ob- 
servations of others (10) that such incubation increases the activity of 
partially purified and resolved glutamic-aspartic transaminase, it was ex- 
pected that this treatment might increase the activity of our preparations. 
On the contrary, there was a decrease, as is shown by comparison with the 
upper curve, which was obtained when the incubation period was omitted. 
It is apparent that incubation resulted in some degree of inactivation over 
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Fio. 1. Relationship of rates of kynurenine (AK) disappearance and kynurenic acid 
(KA) formation to concentration of homogenate. Aliquots of kidney homogenates 
were added to the otherwise complete incubation mixtures in volumes sufficient to 
give the concentrations indicated in the figure. Preparation of the homogenates 
and the composition of the incubation mixtures are described in the text. 

Fic. 2. Effect of pH on kynurenine transaminase activity of rat kidney homogen- 
ates. The lower curve represents data obtained when the homogenate was incubated 
for 15 minutes at various pH reactions prior to the addition of kynurenine and a- 
ketoglutarate. The upper curve was obtained when the homogenate, as well as the 
two substrates, was added after the 15 minute period. 
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Fia. 3. Rate of inactivation of kidney kynureninase by incubation at pH 6.3 prior 
to the addition of a-ketoglutarate. Standard conditions with the exception of the 
Variation in time of incubation. 

Fic. 4. Effect of concentration of a-ketoglutarate on inactivation of kidney kynu- 
renine transaminase during preincubation. Standard conditions with the excep- 
tion of variation in the amount of a-ketoglutarate included in the incubation mix- 
ture. After 15 minutes, the concentration of a-ketoglutarate was increased to 13.3 
szmoles per ml., kynurenine was added, and the incubation continued. 
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the pH range 5 to 8 and that the degree of inactivation is most marked 
near pH 6.3. At that pH, most of the activity was destroyed by a 3 to 5 
minute period of incubation (Fig. 3). Inactivation oceurred whether or 
not pyridoxal phosphate and kynurenine were added singly or together 
and was prevented solely by a-ketoglutarate. The amount of a-ketoglu- 
tarate required for complete prevention of the inactivation (Fig. 4) was 
small relative to the amount that was usually added to the medium. 

In preliminary attempts to purify the enzyme by precipitation with 
ammonium sulfate at concentrations of 20, 40, and 60 per cent saturation, 
less than 1 per cent of the activity of the original homogenate was recovered. 
In a fraction obtained by 20 per cent saturation of ice-cold homogenate 
with ammonium sulfate, endogenous formation of glutamic acid from added 
a-ketoglutarate was almost entirely eliminated, and it was possible, with 
use of this preparation, to demonstrate that glutamic acid is a product of 
the kynurenine transaminase reaction. Glutamic acid was identified by 
means of paper chromatography. In other experiments, it was found that 
approximately 15 per cent of the activity of homogenates was lost during 
a period of 15 minutes in which they were maintained in an ice-water bath 
prior to addition to the incubation medium. In view of the instability of 
the enzyme over a wide pH range and especially at slightly acidic pH, 
it seems probable that ammonium sulfate fractionation cannot be used 
effectively for purification unless some means is found for preventing the 
inactivation. Addition of a-ketoglutarate to all solutions containing the 
enzyme would seem advisable on the basis of the observations presented 
here. Further attempts to purify the enzyme and determine the nature of 
the inactivation process are in progress. 

At pH 6.3, 7.5, and 8.3, it was found that the action of kidney homog- 
enates on p-kynurenine was relatively slight (less than 0.5 wmole of kynu- 
renic acid) compared with their action on the L isomer (2.3 to 3.3 umoles 
of kynurenic acid). This contrasts with data previously reported which 
indicate that kidney slices metabolize p-kynurenine approximately one- 
half as rapidly as they do Lt-kynurenine (4). 

Rat kidney homogenate is a convenient source of kynurenine trans- 
aminase because it does not convert kynurenine to anthranilic acid (kynu- 
reninase reaction) at a significant rate. In liver homogenates, kynurenine 
transaminase activity is accompanied by a relatively strong kynureninase 
activity, and it was only recently shown that the two activities can be 
separated by fractionation procedures (6). The optimal pH of liver 
kynureninase is 8 (9), and the activity is relatively weak at pH 6.3. As- 
suming that the pH optimum for liver kynurenine transaminase is similar 
to that of the kidney enzyme, 6.3 should be a suitable pH for the study 
of kynurenine transaminase activity in liver homogenates unhindered by 
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competition with the kynureninase reaction. In Table 1 the kynurenine 
transaminase activities of liver and kidney homogenates at pH 6.3 are 
compared. By means of paper chromatography, it was found that an- 
thranilic acid was not formed in detectable amounts in liver homogenates 
at pH 6.3 under the conditions described and that the only fluorescent 
derivative was kynurenic acid. The kynurenine transaminase activity of 
liver, which was approximately one-half that for kidney under these con- 
ditions, was similarly decreased by incubation in the absence of a-keto- 
glutarate. 


Taste I 


Comparison of Kynurenine Transaminase Activities of Liver and Kidney 
Homogenates al pH 6. 3° 


a-Ketoglutarate added 


7 Disappearance Formation of 
Tissue kynurenine kynurenic acid 


Before After 
incubation incubation 
pmoles pmoles pmoles 
Kidney , 40 | . —3.73 3.50 
40 —0.45 0.37 
Liver | 40 —1.89 1.75 
40 | —0.45 0.41 


* Incubation, with or without added a-ketoglutarate, as indicated in the table, 
was carried out for 15 minutes prior to addition of kynurenine. 


DISCUSSION 


Since there is no evidence to indicate that kynurenine is a normal blood 
constituent or that it can be formed from tryptophan in the kidney (3, 4), 
it seems questionable that a high level of kynurenine transaminase activity 
is necessary in the kidney. It would be of interest, in this respect, to 
determine whether a purified preparation of kynurenine transaminase has 
the high degree of substrate specificity that has been indicated for other 
transaminases (11). 

Although a high level of kynurenine transaminase does not seem essen- 
tial for the normal function of the kidney, its existence should not be ig- 
nored in attempting to correlate observations concerning the metabolism 
of tryptophan by intact animals with those obtained by in vitro techniques. 
An accumulation of kynurenine in the general circulation may be expected 
in pyridoxine-deficient animals owing to failure of liver kynureninase. It 
has been suggested (9) that this accumulation might be further enhanced by 
administration of tryptophan, which might result in increased kynurenine 
formation due both to saturation of the liver tryptophan oxidase-peroxi- 
dase system and to an induced (adaptive) increase in the amount of that 
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enzyme. These and any other factors that may increase the rate of for- 
mation of kynurenine or decrease the rate of its destruction in the liver may 
result in the metabolism of kynurenine to a large extent in kidney and 
possibly in other organs by pathways unlike those utilized in the liver. 


SUMMARY 


Rat kidney homogenates catalyze the conversion of kynurenine and 
a-ketoglutarate to kynurenic acid and glutamate in a nitrogen atmosphere; 
hence the homogenates were assumed to contain a kynurenine transaminase. 
Under similar incubation conditions, only traces of kynurenic acid were 
formed from p-kynurenine. When the homogenates were incubated for 
15 minutes in 0.1 m phosphate buffers over a range of pH reactions prior to 
the addition of a-ketoglutarate, various degrees of inactivation of the kynu- 
renine transaminase occurred. Inactivation was most marked at pH 63 
and was almost complete after 3 to 5 minutes of incubation at that pH. 
Inactivation was completely prevented if a-ketoglutarate at concentrations 
greater than 4 umoles per ml. was included in the incubation mixture. At 
pH 6.3 and under similar incubation conditions, liver homogenates had a 
kynurenine transaminase activity approximately one-half of that found for 
kidney. This activity was similarly decreased by incubation in the absence 
of a-ketoglutarate. Anthranilic acid was not formed from kynurenine by 
liver homogenates at pH 6.3, which permitted study of liver kynurenine 
transaminase activity unhindered by liver kynureninase activity. b 
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INHIBITION OF HEME SYNTHESIS BY METHYL- 
SUBSTITUTED BENZIMIDAZOLES IN VITRO 


By LYNN D. ABBOTT, Jr., anp MARY J. DODSON 
(From the Department of Biochemistry, Medical College of Virginia, Richmond, 
Virginia) 
(Received for publication, February 25, 1954) 


Emerson and associates (1) noted that 2,5-dimethylbenzimidazole ap- 
peared to act as a growth depressant when fed to rats in tests of compounds 
for vitamin B,;-like activity. This property was not exhibited by benzimi- 
dazole or any of the other mono- or dimethylbenzimidazoles studied. They 
remarked that 2,5-dimethylbenzimidazole might have “inhibitor activity.” 
2,5-Dimethylbenzimidazole inhibited red blood cell formation in mice 
made anemic by phenylhydrazine injection (2) and inhibited influenza 
virus multiplication (3). 5,6-Dimethylbenzimidazole had inhibitory prop- 
erties for the vitamin B,,-requiring organisms Lactobacillus lactis Dorner, 
Lactobacillus leichmannii, and Euglena gracilis (4). Because of the chemi- 
cal relationship of 2,5-dimethylbenzimidazole to the benzimidazole moiety 
of vitamin By, and to the purines, we have investigated the effect of it and 
other methyl-substituted benzimidazoles on the synthesis of heme in vitro 
by chicken erythrocytes. 


EXPERIMENTAL 


Fresh oxalated chicken blood was used with antibiotics added to inhibit 
microbial action during incubation (5). 20 ml. blood samples were incu- 
bated with the experimental compound and 25 mg. of N'*-glycine (31 atom 
per cent N'*) in 50 ml. Erlenmeyer flasks with constant shaking for 24 hours 
in a water bath at 37°. In each experiment the effect on heme synthesis 
of the substance studied was determined by comparison with a control 
sample of the same blood incubated with N'*-glycine alone at the same time 
under identical conditions. Hemin was isolated as described by Shemin 
and Rittenberg (6) and recrystallized according to Fischer (7). The N"™ 
atom per cent excess over tank nitrogen was determined on the nitrogen gas 
from duplicate samples of hemin isolated from each incubated blood. Pre- 
vious experiments had demonstrated that the same blood incubated with 
N'*-glycine under identical conditions yielded hemin with the same N'® 
content (8). 


Results 


Previous studies with certain amino acids and vitamins had shown that 
the N'* concentration of isolated hemin was the same in the test and control 
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Effect of 2,5-Dimethylbenzimidazole and Related Compounds on Incorporation of N™ 
from N**-Glycine into Heme by Erythrocytes of Chicken Blood during Incubation 


one 


HEME INHIBITION BY BENZIMIDAZOLES 


concentration 
in hemin,* atom 
per cent excess 


Control | Test 
0.076 | 0.066 0.0017 
0.066 0.028 0.0034 
0.060 0.035 0.0034 
0.036 0.0034 
0.066 0.041 | 0.0034 | 
0.071 | 0.009 0.0051 — 
0.009 | 0.0051 
0.073 | 0.017 | 0.0051. 
0.017 0.0051 | 
0.066 0.003 | 0.0068 
0.042 | 0.0074 
0.066 0.004 0.0068 
0.045 0.0085 
0.071 | 0.062 | 0.0064 
0.072 0.060 | 0.0057 
0.081 0.066 | 0.0057 
0.080 | 0.0048 
0.075 | 0.062 0.0057 
0.061 | 0.0064 
0.074 0.035 | 0.0057 
0.037 | 0.0057 
0.080 | 0.029 | 0.0039 
0.032 0.0051 
0.082 0.018 0.0039 
0.066 «0.0064 
0.063 0.012 0.0051 
| 0.003 | 0.0068 © 
0.071 0.006 0.0068 


Taste I 


in Vitro 


Supplement,t molar concentration 


2,5-Dimethylbenzimidazole, 5 mg. 


10 mg. 
10 
10 +15 vita- 
min By 
2,5-Dimethyl benzimidazole, 10 mg. 
15 
15 
min Bis 
2,5-Dimethylbenzimidazole, 15 mg. 
15 
acid 


2,5-Dimethylbenzimidazole, 20 mg. 
Adenine, 20 mg. 
2,5-Dimethylbenzimidazole, 20 mg. 
Benzimidazole, 20 mg. 
15 

2-Methylbenzimidazole, 15 mg. 

15 
Orotic acid, 15 mg. 
2-Methylbenzimidazole, 15 mg. 
Benzimidazole, 15 mg. 
5-Methylbenzimidazole, 15 mg. 

15 


5,6-Dimethyl benzimidazole 15 mg. 


2,5-Dimethylbenzimidazole, 15 


5,6-Dimethylbenzimidazole{, 15 mg. 


Benzimidazole, 15 mg. 

5,6-Dimethylbenzimidazole, 15 mg. 
20 


* Hemin isolated from chicken blood has slightly increased N'* concentration over 
tank nitrogen similar to that of hemin from normal dog and human blood (20). Val- 
ues on the order of 0.002 to 0.006 atom per cent excess thus indicate complete inhibi- 


tion of N'* incorporation into heme. 


t Benzimidazole, 2-methylbenzimidazole, and 2,5-dimethylbenzimidazole were 
prepared by refluxing the appropriate diamine and acid according to the general 
procedure of Wagner and Millett (21). The compounds were recrystallized several 
times, melting points and nitrogen analyses checked before use, and 5-methylben- 
zimidazole recrystallized several times from the Eastman Kodak Company product. 


t As the formic acid salt (24 per cent formic acid). 
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samples if the supplementary compound did not affect the incorporation 
of N'* from N'*-glycine into heme (8). In the present experiments a pro- 
gressive decrease in hemin N'* content was noted with increasing amounts 
of 2,5-dimethylbenzimidazole (Table I). Inhibition was slight with 5 mg. 
(Experiment 1) but complete with 20 mg. (Experiments 7,8). Addition of 
vitamin By, either 15 y or 100 y (Experiments 3, 5), or of 25 mg. of folic 
acid (Experiment 6), did not alter the effect of 2 ,5-dimethylbenzimidazole; 
the N'® content of the hemin was the same as with 2,5-dimethylbenzimi- 
dazole alone. The lesser effect of 20 mg. of benzimidazole compared with 
20 mg. of the 2,5-dimethy] derivative is seen in Experiment 8. Similarly, 
2-methylbenzimidazole (Experiments 10, 11, and 12) had a slight effect 
which was comparable to that of benzimidazole (Experiment 12). The 
5-methyl derivative (Experiment 13) had a greater effect than either benzi- 
midazole or the 2-methyl derivative (Experiment 12), although not as 
great as that with the same amount of 2,5-dimethylbenzimidazole (Ex- 
periments 5, 6). 5,6-Dimethylbenzimidazole was found to be equally as 
effective as 2,5-dimethylbenzimidazole in blocking incorporation of isotope 
into heme (Experiments 14 to 17). 


DISCUSSION 


It is apparent that 2,5-dimethylbenzimidazole and 5,6-dimethylbenzi- 
midazole prevent the incorporation of N'* from N'*-glycine into heme by 
chicken erythrocytes when incubated in vitro as described. A slight, but 
not comparable, effect was exhibited by benzimidazole and the 2-methyl 
derivative, and 5-methylbenzimidazole had an effect intermediate between 
that of benzimidazole and 2,5-dimethylbenzimidazole. Substitution of a 
methyl! group in the 5 position apparently increased the inhibitory effect of 
benzimidazole, and this was enhanced markedly by further methyl] sub- 
stitution in the 2 or 6 position. By experiments with cell-free hemolysates 
(9-11) it might be possible to determine to what extent, if any, differences 
in permeability might be a factor influencing the differences in inhibitory 
effects noted. 

The mechanism whereby these compounds interfere with the introduc- 
tion of N'* from glycine into heme during incubation of chicken erythro- 
cytes in vitro is not known. Inhibition of heme synthesis in vitro is known 
to occur with certain enzyme inhibitors, both with intact erythrocytes (5, 
8, 12) and with cell-free hemolysates (10, 11). Benzimidazole itself has 
been found to be a purine (13) and nucleic acid (14) antagonist, active in 
tissue cultures as a growth inhibitor of vaccinia (15), psittacosis (16), and 
poliomyelitis viruses (17). Recently Brown et al. (18) reported that benzi- 
midazole prolonged the incubation period of infection and reduced mortality 
in experimental poliomyelitis in mice. 

It is of particular interest to note that the inhibitory activities of the 
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methyl-substituted benzimidazoles for heme synthesis in vitro are in ap- 
proximately the same concentration and in precisely the same relative order 
of inhibitory activity as was found by Tamm et al. (19) to inhibit multipli- 
cation of influenza A or B virus. 

The striking coincidence of inhibitory activities of the methyl-substituted 
benzimidazoles for two widely different systems, hemoglobin synthesis by 
avian erythrocytes in vitro and virus duplication, makes it appear that 
some very fundamental mechanism underlying both processes might be 
involved. It is possible that this might be related to some basic réle of 
nucleic acid, or nucleoprotein, in biosynthetic mechanisms. 


We are indebted to Dr. William T. Ham and the Biophysics Department 
for use of the mass spectrometer and to Mr. Hyman Rosen for preparation 
of the N'*-glycine used. Dr. Karl Folkers of Merck and Company, Inc., 
supplied 2,5-dimethylbenzimidazole for the initial experiments and all 
of the 5,6-dimethylbenzimidazole used. Folic acid was kindly supplied 
by the Lederle Laboratories Division, American Cyanamid Company, 
through the courtesy of Dr. B. L. Hutchings. 


SUMMARY 


2,5-Dimethylbenzimidazole and 5,6-dimethylbenzimidazole prevented 
incorporation of N'® from N'*-glycine into heme by chicken erythrocytes 
during incubation in vitro. Benzimidazole and 2-methylbenzimidazole had 
slight, but not comparable, inhibitory action. 5-Methylbenzimidazole had 
an inhibitory effect intermediate between that of benzimidazole and 2,5- 
dimethylbenzimidazole. 
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THE CONVERSION OF LYSINE TO PIPECOLIC ACID IN 
THE RAT* 


By MORTON ROTHSTEIN ann LEON L. MILLER 


(From the Department of Radiation Biology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, June 1, 1954) 


The early steps of the metabolism of lysine have been the subject of 
much speculation and a great deal of experimental effort for many years. 
In a recent report we have outlined the main pathways of lysine metabolism 
in the rat (1). Evidence was presented to show that lysine was converted 
to glutaric acid, and then to a-ketoglutarate and acetate, probably by 
independent pathways. In its conversion to glutarate the carbon chain of 
lysine was assumed to pass through a-aminoadipic acid, as suggested by 
Borsook et al. on the basis of experiments with guinea pig liver homogen- 
ates (2). However, the nature of the first point of metabolic attack on 
the lysine molecule and the mechanism of the metabolic oxidation of 
lysine to a-aminoadipate remained obscure. 

Metabolic studies with a- and «-N-acetyllysine and a- and e-N-methyl- 
‘lysine have shown that only the e-substituted compounds are available 
for growth in the rat (3-6). Results of experiments with enzyme prepara- 
tions, such as amino acid oxidases from mammalian tissues, in vitro have 
been indeterminate. It appears that the blocking of the «amino group 
with a methyl or acetyl group permits a moderate rate of metabolism of 
the substituted lysine by these enzymes under conditions in which lysine 
itself is not attacked (7, 8). While these results did not make clear the 
primary steps by which lysine is metabolized, they were compatible with 
the idea of an enzymatic attack on the a-amino group of the molecule. 
However, transaminases effective for the transamination of other a-amino 
acids did not affect lysine (9), and preparations which cause the rapid 
transamination of shorter chain w-amino acids with a-ketoglutarate do not 
affect the «amino group of lysine (10). The deuterium and heavy nitro- 
gen studies of Weissman and Schoenheimer (11) made it clear that, unlike 
many other amino acids, L-lysine cannot be reversibly deaminated. All 
of these studies lead to the conclusion that the first steps of lysine metab- 


* This investigation was supported jointly by the United States Atomic Energy 
Commission under contract with The University of Rochester and by the Medical 
Research and Development Board Office of the Surgeon General, Department of the 
Army, under contract No. DA-49-007-MD.-451. 

t Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Berkeley 4, California. 
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olism follow a unique pathway which cannot be explained by or compared 
with the known metabolic behavior of other amino acids. 

Weissman and Schoenheimer (11) speculated that lysine might form an 
a-keto derivative which on cyclization and reduction would yield pipecolic 
acid (piperidine-2-carboxylic acid). Shortly thereafter, Waelsch and 
Miller (12) found that, under certain dietary conditions, rats excreted in 
the urine an unidentified keto acid, possibly «-amino-a-ketocaproic acid. 
Recently, pipecolic acid has been identified as a constituent of plants 
(13, 14). Although this amino acid does not support growth in the lysine- 
deficient rat (15), its close structural relationship to lysine suggested that 
pipecolic acid might be metabolically derived from lysine. 

It is the purpose of this paper to examine this possibility and to elucidate 
the early steps of lysine metabolism in the rat. The “metabolite-over- 
loading”’ technique in vivo has already proved useful in the identification 
of specific catabolites derived from radioactive precursors (1) and appeared 
to offer an ideal tool for a detailed investigation of the early stages of 
lysine metabolism. By extending the technique to include experiments 
with N'® we have presented preliminary evidence (16, 17) for the conver- 
sion of lysine to pipecolic acid in the rat with the loss of the a-amino group. 
This paper gives a more complete account of this work and offers strong 
evidence that L-pipecolic acid is both a primary and a major product of 
lysine metabolism, and most probably lies on the pathway between lysine 
and a-aminoadipic acid. 


EXPERIMENTAL 


Isotopic Compounds—The t-lysine-6-C™" and p.L-a-aminoadipic acid- 
6-C™ used here are the same compounds reported in the previous paper on 
lysine metabolism (1). piL-Lysine-e-N'® (25.3 atom per cent excess N**) 
was kindly made available by Dr. David R. Christman, Dr. 8. C. Madden, 
and Dr. Marott Sinex. p1i-Lysine-a-N'* (28.6 atom per cent excess N'*) 
was prepared by the method of Weissman and Schoenheimer (11) with 
potassium phthalimide-N". 

L-a-Aminoadipic Acid——pL-a-Aminoadipic acid was resolved according 
to Greenstein et al. (18).! The material had fa]?> +25.0° for a 2 per cent 
solution in 5 N hydrochloric acid, as reported by these authors. 

Isolation of Pipecolic Acid Derived from Isotopic Lysine--Four male 
Wistar rats, each weighing approximately 350 gm., were fasted for 24 
hours and then given by intraperitoneal injection a neutralized solution 
containing one of the following mixtures: 6.4 mg. of L-lysine-6-C"™ hydro- 


! We wish to thank Dr. Greenstein of the National Cancer Institute, United States 
Public Health Service, Bethesda, Maryland, for generously supplying us with the 
necessary acylase preparation. 
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chloride plus 500 mg. of L-pipecolic acid,* 6.6 mg. of L-lysine-6-C™ plus 
400 mg. of L-pipecolic acid, 73.8 mg. of pt-lysine-e-N'* plus 360 mg. of 
L-pipecolic acid, 69.9 mg. of pt-lysine-a-N'* plus 385 mg. of L-pipecolic 
acid. In each experiment, urine was collected for 16 to 18 hours, filtered, 
diluted, and passed consecutively through the ion exchangers Amberlite 
IR-4 (carbonate form) and IRC-50 (buffered to pH 4.8). The effluent 
was evaporated to dryness and the residue treated with 25 ml. of warm 
95 per cent ethanol. After filtration, the alcoholic solution was heated to 
boiling, treated with excess copper carbonate, filtered, and evaporated to 
dryness. The residual copper pipecolate was dissolved in dilute hydro- 
chloric acid, and the copper was precipitated by treatment with hydrogen 
sulfide gas. The mixture was filtered, treated with Norit, and evaporated 
twice to dryness by warming under an air stream. A faintly yellow solid 
residue remained. This was dissolved in warm ethanol and acetone was 
added to the cloud point. It was sometimes necessary to scratch or seed 
the mixture and allow it to stand for several hours to induce crystallization. 
Once this had begun, acetone was added in portions to the mixture to 
maintain a cloud point. When no more crystals could be obtained, the 
product was filtered and treated with ethanol at room temperature. Any 
insoluble material was removed and the alcoholic solution was heated. 
Acetone was then added until crystallization began and the mixture was 
then cooled. This and one subsequent recrystallization offered no diffi- 
culties and yielded 120 to 150 mg. of pure pipecolic acid hydrochloride. 
The material obtained in this way in each experiment showed only one 
spot on paper chromatograms (collidine-lutidine-water). This spot cor- 
responded exactly to that obtained with authentic L-pipecolic acid and 
fluoresced cherry-red under ultraviolet light as reported by Morrison (13). 
The isolated pipecolic acid from the N'* experiments was found to be free 
of contaminating ammonium salts and urea by incubation with urease and 
appropriate treatment in Conway cells. Kjeldahl nitrogen determinations 
of the pipecolic acid agreed with the theoretical values. Part of the radio- 
active pipecolic acid derived from t-lysine-6-C™ was converted to the 
hydantoin by the method of Leithe (19). Both the pipecolie acid and its 
hydantoin had the same specific activity, which assures the chemical and 
radioactive purity of the isolated material. 

Isolation of Pipecolic Acid after Injection of vt-a-Aminoadipic Acid-6-C™ 
~The procedure was the same as that reported above except that 10.5 mg. 
of pt-a-aminoadipic acid-6-C™ were injected along with 400 mg. of L-pipe- 
colic acid. The isolated pipecolic acid was found to contain no significant 
radioactivity after recrystallization. 


* The authors wish to thank Dr. F.C. Steward of Cornell University for providing 
the L-pipecolic acid used in these experiments. 
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Isolation of L-a-Aminoadipic Acid Derived from Isotopic Lysine——In two 
experiments, male Wistar rats were treated as above with 91 mg. of pL- 
lysine-e-N'* plus 400 mg. of L-a-aminoadipic acid and 89 mg. of pL-lysine- 
a-N'® plus 400 mg. of L-a-aminoadipic acid, respectively. In each experi- 
ment, urine was collected for 16 hours, filtered, diluted, and passed through 
the cation exchanger Amberlite IRC-50 (pH 4.8). The residue was then 
acidified with dilute hydrochloric acid and evaporated to dryness. The 
residue was dissolved in 15 ml. of water, treated with Norit, filtered, and 
evaporated to about 5 ml. ‘Twice the volume of ethanol was added, and 
the solution was treated with a slight excess of pyridine. After being 
seeded with authentic L-a-aminoadipic acid, the solution was placed in a 
refrigerator overnight. The colorless product was suspended in 5 ml. of 
water, and just enough hydrochloric acid was added to obtain solution. 
After addition of an equal volume of ethanol, the solution was filtered and 
pyridine was added as above. The product was allowed to crystallize 
overnight, filtered, washed with ethanol, and dried. The material weighed 
46 and 77 mg., respectively, in the experiments with lysine-e-N" and 
lysine-a-N'®. The product was ammonia- and urea-free, as determined 
by urease incubation as for pipecolic acid, and showed only the proper 
spot on paper chromatograms. 

Isolation of Urea-—Urea was obtained as the xanthydrol derivative after 
evaporation to near dryness of the mother liquors from the first crystalliza- 
tion of a-aminoadipic acid. The residue was extracted with acetone and 
filtered and the filtrate was evaporated to dryness. The residue was 
dissolved in 5 ml. of 85 per cent acetic acid, and a solution of 350 mg. of 
xanthydrol in 10 ml. of glacial acetic acid was added. The precipitate was 
filtered and recrystallized twice from glacial acetic acid, vielding the color- 
less xanthydrol derivative of urea. The nitrogen was obtained for N" 
assay by conversion to ammonia by the Kjeldahl procedure. 

C™ and N* Assays—All C™ assays were done by the wet combustion 
method previously reported (1). The mass spectrometric N'° assays were 
performed by the Department of Analytical Chemistry, Eastman Kodak 
Company,’ Rochester, New York. 


RESULTS AND DISCUSSION 


Table I presents the data obtained from ‘“metabolite-overloading” 
experiments with C™ and N". A brief discussion of the technique may 
be found in the previous communication dealing with lysine metabolism 
(1). 

It can be seen from Experiments | and 2 that injection of radioactive 


* The authors wish to express their deep appreciation to Dr. David W. Stewart 
and Mr. Glenn P. Happ for performing these assays 
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lysine into a rat leads to the isolation of highly radioactive pipecolic acid. 
This clearly establishes pipecolic acid as a metabolite of lysine in the rat. 
There is ample evidence to support the belief that pipecolic acid represents 
a point in a primary and major pathway of lysine metabolism. First, the 
structural relationship is such that the molecule still contains 6 carbon 
atoms, but only one amino group. Secondly, the pipecolic acid isolated 
after administration of t-lysine-6-C™ has a very high specific activity. 


Taste I 
Results of “ Metabolite-Overloading” Experiments in Intact Rat 


ifie activity 


Radiometabolite | Dose | Catabolite 
Experiments with C' 
— 
Lysine «9,750 L-Pipecolic acid =| 132,000 
2 10,055 137,000" 
3 pt-a-Aminoadipic acid-6-C™ 15,000 | Nil 
Experiments with N' 
Atom per cent 
Atom 
metabolite cent | 
€atabolite 
pi-Lysine-eN' 25.3  1-Pipecolie acid 2.06 
5 28.6 | Nil 
6 25.3  ta-Aminoadipate 0.35f 
7 pi-Lysine-a-N** 28.6 0.09 


* Calculated from data obtained with a Geiger counter by Dr. F. C. Steward of 
Cornell University. 
t Urea from this experiment contained 0.72 atom per cent excess N'* 


Because of the limitations imposed by unknown rates of equilibrium be- 
tween injected and biologically formed material, the specific activity of 
catabolites isolated by the overloading technique can only be regarded as 
supportive evidence of the directness of conversion of a radioactive com- 
pound to a catabolite.” However, from other work (1)* there does appear 
to be a general correlation between the number of degradative steps a 
radioactive precursor undergoes and the specific activity of its product. 


* Unpublished data on the metaboliam of glutaric acid-1,5-C' and 6-aminovaleric 
acid.6-C™ by this technique were reported by the authors at the meeting of the 
American Society of Biological Chemists, Atlantic City, April, 1954. 
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With this in mind, the high activity of the isolated pipecolic acid may also 
be considered as supporting the view that it represents an early step in 
lysine metabolism. Most conclusive is the finding that a minimum of 20 
per cent of the effective dose of N'® administered as lysine-e-N'® was ob- 
tained in the isolated pipecolic acid (Experiment 4). This is, indeed, a 
startling figure and probably reflects a rapid catabolic breakdown of lysine 
related to the comparatively large dose of this amino acid used in the N™ 
experiment, as well as the effective “trapping” of biologically formed 
pipecolic acid. The dose of N'® for this calculation is based on L-lysine- 
e-N'® alone, since evidence has been presented to show that p-lysine does 
not form pipecolic acid in the rat (20). 

A comparison of Experiments 4 and 5 shows that, whereas lysine-e-N" 
leads to pipecolic acid with a considerable N** enrichment, no excess N™ 
is found in pipecolic acid after the administration, under similar conditions, 
of lysine-a-N"®. It must therefore be concluded that, in so far as lysine 
passes through pipecolic acid, its a-amino group is entirely lost. This 
implies that an a-deamination occurs to form ¢-amino-a-ketocaproic acid, 
followed by cyclization, spontaneous or metabolic, to form dehydropipe- 
colic acid. Subsequent reduction would yield pipecolic acid. This con- 
version would be in agreement with the observations of Lowy et al. on 
Neurospora crassa (21). «-Amino-a-ketocaproic acid has recently been 
prepared by Meister (22) by the action of snake venom on ¢-N-carbo- 
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benzoxylysine. In solution, the keto acid appears to be in equilibrium 
with the cyclic derivative. 

The above results, taken together with previous reports (1, 2) of the 
metabolism of lysine, afford presumptive evidence that logically pipe- 
colic acid lies on the pathway of the metabolic conversion of lysine to 
a-aminoadipic acid. The most likely pathway, if the loss of the a-amino 
group of lysine is taken into account, appears in the accompanying scheme. 

This pathway involves a type of intramolecular transamination whereby 
the «-amino group of lysine becomes the a-amino group of a-aminoadipic 
acid. In direct support of this contention are the results of Experiments 
Gand 7. It can be seen that lysine-e-N"* leads to a definite enrichment of 
the isolated L-a-aminoadipate, whereas lysine-a-N'* leads to a very small 
enrichment which could be explained on the basis of the known ability of 
aminoadipic acid to transaminate (23). The latter amino acid could 
thus accumulate a small amount of N'* from extraneous sources. It is 
noteworthy that pL-a-aminoadipic acid-6-C™ does not lead to the isolation 
of radioactive pipecolic acid (Experiment 3), suggesting the irreversibility 
of the latter part of the pathway. 


SUMMARY 


1. By use of the “metabolite-overloading” procedure, pipecolic acid has 
been established as a major metabolite of lysine in the intact rat. 

2. By extension of the technique to lysine-a-N" and lysine-e-N", it has 
been found that, in so far as lysine is metabolically converted to pipecolic 
acid, the a-amino group is lost and the «amino group is retained. 

3. Evidence has been presented to support the view that pipecolic acid 
lies on the metabolic pathway between lysine and a-aminoadipic acid. A 
mechanism compatible with the experimental results has been proposed for 
this pathway. 


The authors wish to thank Miss Lucille Sercu and Miss Frances Silver- 
man for technical assistance. 
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THE METABOLISM OF GLUTARIC ACID-1,5-C™* 
Il. CONVERSION TO a-KETOGLUTARIC ACID IN THE INTACT RAT 


By MORTON ROTHSTEIN ann LEON L. MILLER 


(From the Department of Radiation Biology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, June 1, 1954) 


Glutaric acid has been shown to be metabolized in part to acetoacetate 
and acetate in the rat, most probably by way of butyrate or acetonedicar- 
boxylate (1). In addition, it was pointed out that part of the glutaric 
acid might also be converted to a-ketoglutarate by a more or less direct 
pathway. Study of the metabolism of lysine-6-C™ (2) has since provided 
substantial evidence in favor of this conversion by showing that glutaric 
acid-1 ,5-C™ gives rise to radioactive a-ketoglutaric acid by a pathway 
other than by way of acetate. A possible mechanism for this conversion 
of glutarate to a-ketoglutarate, excluding acetate, lies in the sequence of 
reactions, glutarate — glutaconate — a-hydroxyglutarate — a-ketoglutar- 
ate. 

Very little is known about the metabolic behavior of glutaconie acid 
except for an early report by Dakin (3) stating that a small amount of 
3-hydroxyglutarate is formed when glutaconic acid is acted upon in vitro 
by dog muscle. On the other hand, the metabolism in ritro of L-a-hy- 
droxyglutaric acid has been more thoroughly investigated (4). Weil- 
Malherbe had found that this compound is reversibly oxidized to a-keto- 
glutarate by many animal tissues (4, 5), presumably by the action of a 
dehydrogenase. In addition, a-hydroxyglutarate has recently been 
described as a product of the anaerobic breakdown of citric acid by liver 
mince (6). 

It is the purpose of this paper to clarify the aspects of glutaric acid 
metabolism concerned with its conversion to a-ketoglutarate in the rat. 
Evidence is presented for the view that the carbon chain of glutaric acid- 
1,5-C™ remains in large measure intact in this conversion, passing through 
L-a-hydroxyglutarate and possibly glutaconate. The pathway appears to 
be independent of the conversion of glutarate to acetate. 


* This investigation was supported jointly by the United States Atomic Energy 
Commission under contract with The University of Rochester and by the Medical 
Research and Development Board Office of the Surgeon General, Department of the 
Army, under contract No. DA-49-007-MD.-451. 

t Present address, Department of Physiological Chemistry, School of Medicine, 
University of California, Berkeley 4, California. 
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EXPERIMENTAL 


Glutaric Acid-1 ,5-C'\—-This compound is the same as that previously 
reported (1). 

Acetate-1-C'*-The radioacetate was prepared in the usual manner by 
the action of C“O» on methyl magnesium iodide. 

Glutaconic Acid-——This material was prepared essentially by the method 
of Kohler and Reid (7). It was recrystallized twice from ether-benzene 
and melted at 137°. 

L-a-H ydroxyglutaric Acid-—-This material was prepared from L-glutamic 
acid by the method of Fischer and Moreschi (8) and was isolated as the 
disodium salt. 

Administration and Isolation of Mectabolites—In the various experiments, 
between 19 and 22 mg. of glutaric acid-1,5-C™ or 14 mg. of sodium ace- 
tate-1-C™ (Table I) were added to solutions containing 500 mg. of glutaric 
acid, 500 mg. of L-a-hydroxyglutaric acid, or 200 to 300 mg.' of glutaconic 1 
acid, respectively. All solutions were neutralized with sodium hydroxide 2 
and filtered, and the volume was made up to 6 ml. The respective solu- 
tions were then injected intraperitoneally into male Wistar rats of 350 gm. 
weight which had previously been fasted for 24 hours. Urines were col- 
lected for 18 hours, filtered, made alkaline, and continuously extracted 
with ether for 8 hours. The aqueous layer was then acidified with sulfuric 
acid and further extracted with ether for 24 hours. The ether extracts of 
the acidified solutions were dried over anhydrous sodium sulfate, and 
the ether was evaporated. The residues were treated as follows: 

Glutaric Acid-~-The residue was extracted with several portions of 
boiling benzene, and the combined extracts (about 50 ml.) were filtered, | 
evaporated to about 25 ml., and allowed to cool. The colorless crystals | 
obtained weighed 90 mg. and were recrystallized twice from benzene. The | 


= 


| | 


purified glutaric acid melted at 96° and contained no detectable amounts 
of C™, 

Glutaconic Acid—-The residue was dissolved in water, the solution the 
steam-distilled, and the residual solution evaporated to dryness. Re- 


crystallization of the residue from ether-benzene yielded between 70 and wit 
90 mg. of glutaconic acid which melted at 134.5-136°. A known amount of 
of inert glutaconic acid, usually about 100 mg., was added. In the experi- anc 
ments in which glutaric acid-1,5-C™ was administered, approximately 5 cen 
mg. of inert glutaric acid were also added. The whole was recrystallized per 
alternately from ether-benzene and ethyl acetate-chloroform. After a tray 
total of four recrystallizations, part of the product was assayed for radio- eac’ 
activity. The glutaconate from the experiment in which acetate-1-C™ mol 

car! 


1 In a single experiment, a dose of 500 mg. of glutaconate proved fatal. 
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had been administered contained no detectable amounts of C“. However, 
the glutaconate from the glutarate-1 ,5-C™ experiments had a high activity 
which steadily declined on further recrystallizations. It was therefore 
felt that the glutaconate was contaminated with small amounts of very 
highly radioactive glutarate-1 ,5-C™. An oxidative degradation was car- 
ried out which would selectively convert glutaconate to carbon dioxide 


Tasie I 


Radioactivities of Metabolites Isolated after ‘‘Metabolite-Overloading”’ 
Experiments in Intact Rat 


Es ific 
Radiometabolite Dose Catabolite of 
No. | cata 
| 
1 Glutarie acid-1,5-C* 10,100 Glutaconate 
2 10,500 L-w-Hydroxyglutarate 102,000 
3 9,450 a-COOH | 38,000 
= succinate | 47,000 
moiety 
85,000 
(Total) 
4 | Acetate-1-C™ 16,500 L-a-Hydroxyglutarate 18 ,000f 
5 16,500 Glutaconate Nil 
6 16,500 | Glutarate 


* The radioactivity of the carbon dioxide derived from the permanganate oxida- 
tion of the isolated glutaconic acid was slightly lower than that obtained from a 
blank run in which glutaric acid-1,5-C" was added to inert glutaconate. The blank 
amounted to 560 d.p.m. per mmole of carbonate. 

t This represents the succinic acid moiety alone. Since acetate-1-C™ forms 
mostly y-carboxy-labeled ketoglutarate, one may assume that the total activity of 
the a-hydroxyglutarate is about 30 per cent greater than the figure given. 


without affecting glutaric acid. In typical experiments, 30 mg. samples 
of the isolated glutaconate were recrystallized once, dissolved in water, 
and treated with 0.5 ml. of 50 per cent sulfuric acid, and a solution of 1 per 
cent potassium permanganate was added at 50° until decolorization of the 
permanganate no longer took place. The resulting carbon dioxide was 
trapped as barium carbonate with the aid of a stream of nitrogen. In 
each of three runs, the carbonate amounted to approximately 4 mmoles per 
mole of glutaconate, assuring the presence of at least one-half of the 
carboxyl carbon of glutaconate. The barium carbonate contained an 
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amount of radioactivity which was slightly less than the small radioactiv- 
ity obtained when a similar amount of inert glutaconate plus 3 mg. (0.1 
pe.) of glutaric acid-1,5-C™ was treated with potassium permanganate 
under the same conditions. This amounted to 560 d.p.m. per mmole of 
carbonate. 

L-a-H ydroxyglutaric Acid-—The residue was dissolved in a little water, 
treated with Norit, and filtered, and the filtrate was steam-distilled. The 
residual solution was neutralized exactly with sodium hydroxide and 
evaporated toa syrup. To this were added 50 ml. of ethanol with vigorous 
stirring. After standing for several hours, the resulting white precipitate 
was filtered and dried. This crude sodium hydroxyglutarate weighed 90 
to 136 mg. in the various experiments. Paper chromatographs indicated 
that the material was free of detectable succinic acid (9). 

The material was mixed with about 5 times its weight of inert sodium 
hydroxyglutarate, dissolved in a small amount of water, filtered, and 
precipitated by the addition of ethanol. After standing in the cold for sev- 
eral hours, the salt was filtered, washed with ethanol, and dried. Amounts 
of about 100 mg. of this material were oxidized at room temperature with 
potassium permanganate in the presence of manganous sulfate according 
to Krebs and Eggleston (10). A slow stream of nitrogen was used to 
bubble the resulting carbon dioxide through a saturated solution of barrum 
hydroxide. The barium carbonate representing the a-carboxyl group of 
a-hydroxyglutaric acid corresponded in weight to the theoretical amount 
and was assayed for C™ activity. It should be noted that, under these 
conditions, added glutarate-1 ,5-C"™ did not yield significantly radioactive 
barium carbonate. 

In one case (Table I, Experiment 2), part of the isolated undiluted 
sodium hydroxyglutarate was oxidized. The remaining hydroxyglutarate 
was diluted 3-fold with inert sodium hydroxyglutarate and treated simi- 
larly. Both samples of the resulting barium carbonate, when allowance 
was made for dilution, had the same specific activity, within the experi- 
mental error of the C™ assay. 

Succinic acid was recovered from the oxidation mixture by continuous 
ether extraction after decomposition of the excess permanganate with 
ferrous sulfate. The succinate from hydroxyglutarate derived from 
acetate-1-C'! was recrystallized from ether-benzene, diluted with a known 
amount of inert succinate, and recrystallized once more. Assay of part of 
this material and of that recrystallized once more showed that both sam- 
ples had exactly the same specific activitv. The succinate from hydroxy- 
glutarate after injection of glutarate-1,5-C™ (Experiment 3, Table 1) was 
sublimed for 24 hours at 100° and 1 mm. pressure. The sublimate (30.0 
mg.) was diluted with 52.4 mg. of inert succinate and the whole was re- 
crystallized from ether-benzene. The resulting crystals were sublimed for 
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10 hours at 100° and 1 mm. pressure. The unsublimed residue from this 
treatment was then partially sublimed, and the sublimate and residue had 
exactly the same specific activity, indicating radioactive homogeneity. 
The melting point of the succinie acid was 185°. 


RESULTS AND DISCUSSION 


The ‘“metabolite-overloading”’ technique has already been applied to 
the determination of specific catabolites derived from other isotopic pre- 
cursors (2, 11, 12); thus no detailed discussion of the procedure will be 
presented here. 

Study of the metabolism of L-lysine-6-C™ (2) has provided evidence for 
the conversion of glutaric acid-1,5-C™, in part, to a-ketoglutarate by a 
more or less direct pathway. The most probable mechanism for this 
conversion, on the basis of known biochemical transformations, appears to 
be the following sequence of reactions: glutarate — glutaconate — hy- 
droxyglutarate — ketoglutarate. In support of this pathway, it can be 
seen from Table I that glutarate-1,5-C™ is indeed converted to L-a-hy- 
droxyglutarate. A reverse reaction from acetate, which glutarate is 
known to form (1), apparently also takes place, though to a markedly 
lesser degree. This probably occurs by way of acetate — ketoglutarate 
— hydroxyglutarate. The comparative specific activities of the L-a- 
hydroxyglutarate from acetate-1-C™ and glutarate-1,5-C™ (Table I), the 
reported independent formation of ketoglutarate from glutarate (2), and 
the comparatively low activity of sampled acetate from glutarate (1) all 
provide strong evidence that glutarate forms L-a-hydroxyglutarate by a 
pathway exclusive of acetate. Evidence that this is a direct conversion 
in so far as the carbon chain is concerned is provided by the distribution 
of C' in the hydroxyglutarate molecule. It can be seen that the a- and 
y-carboxyl groups contain almost equal amounts of the hydroxyglutarate 
activity, vz. 45 and 55 per cent, respectively. This militates against 
formation of the compound by a combination of smaller fragments. The 
slightly greater C™ content of the y-carboxyl group may be explained by 
the formation of some ketoglutarate from acetate. Such ketoglutarate 
would have a preponderance of C" in its y-carboxyl group and after dehy- 
drogenation (4) would provide a hydroxyglutarate molecule with excess 
y-carboxyl-C. 

In Experiment 2, Table I, it can be seen that the activity of the isolated 
hydroxyglutarate is at least 204,000 d.p.m. per mmole (obtained by multi- 
plying the value for the a-carboxyl group by 2). This is compatible with 
hydroxyglutarate being a precursor of ketoglutarate, since, in a similar 
experiment, the latter compound had a specific activity of 110,000 d.p.m. 
per mmole (2). 

The réle of trans-glutaconic acid in glutarate metabolism has not been 
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satisfactorily established. From Table I, it is apparent that the isolated 
glutaconate had little or no activity. However, in ‘metabolite-over- 
loading”’ experiments of this nature, a negative result is not necessarily 
significant, since a metabolite may, as an intermediate, be tightly bound 
by an intracellular enzyme or coenzyme and thus may not mix with in- 
jected material. Indirect evidence for the presence of an intermediate 
such as glutaconate has been obtained by the demonstration of an enzyme 
system in pig heart which is capable of reducing sodium 2 ,6-dichloroben- 
zenoneindo-3’-chlorophenol with glutarate as substrate. This enzyme 
preparation was obtained during the purification of succinic dehydrogenase 
and has been highly purified? It is a new enzyme, not identical with 
succinic dehydrogenase. Additional evidence for the possible existence of 
glutaconate may be found in the work of Martius and Nitz-Litzow (6). 
From the products of the anaerobic action of liver mince on citrate, these 
workers isolated a considerable amount of glutaconic acid. They believed 
it to be an artifact brought about by dehydration during the isolation of 
the a-hydroxyglutarate produced. However, it is difficult to see why this 
should occur under the mild conditions employed, and it is possible that 
glutaconate is a true end-product of their metabolic system. 

From the data of Table I, and the evidence previously presented, the 
best picture of the metabolic conversion of glutaric acid-1 ,5-C™ to a-keto- 
glutarate is shown in the accompanying scheme. 


COOH “COOH” COOH COOH 


CH, CHOH C=O 
om> — CH, =— CH; 
CH, CH, 
COOH _COOH_ COOH COOH 
| L form | 
> CH,COOH 
SUMMARY 


1. Evidence has been presented for the conversion of the intact carbon 
chain of glutaric acid-1,5-C™ to .L-a-hydroxyglutaric acid and then to 
a-ketoglutaric acid in the intact rat. 

2. Acetate-1-C™ forms L-a-hydroxyglutariec acid to a much lesser degree, 
probably by way of a-ketoglutarate. 


? Private communication from Dr. Harold Neufeld, Department of Biochemistry, 
The University of Rochester, Rochester, New York. 
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CHEMICAL TRANSFORMATIONS OF STEROIDS BY ADRENAL 
PERFUSION 


PROGESTERONE, l7a-HYDROXY PROGESTERONE, 
AND PREGN.-5-EN-38-OL-20-ON E* 


By HAROLD LEVY, ROGER W. JEANLOZ,t ROBERT P. JACOBSEN, 
OSCAR HECHTER, VICTOR SCHENKER,{ ann GREGORY PINCUS 


Wirn THe AsstsTance or J. Maroney, Orvitte G. Roveers, Irvine 
Evta ano Setma Jounson 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 
(Received for publication, May 18, 1954) 


It has been shown that the perfused, isolated, bovine adrenal gland is 
able to oxidize certain steroids, ¢.g. deoxycorticosterone, 17-hydroxy- 
deoxycorticosterone, androsterone, and androst-4-en-3,17-dione, to the 
corresponding 118-hydroxylated derivatives and, in the instance of an- 
drost-4-en-3 ,17-dione, to form the 4,5a-dihydro reduction product of the 
118-hydroxylated derivative (1-3). These perfusion studies have been 
extended to progesterone, 17a-hydroxyprogesterone, and pregn-5-en-33- 
ol-20-one (pregnenolone), of which the first and second have been isolated 
from adrenal glands. ‘This paper is the first of a series which will describe 
the transformations effected. 

The steroids were perfused through the glands by the general method 
previously described (4). The steroids and their transformation products 
were isolated from the perfusates by adsorption on and elution from Darco 
(G-60, an activated charcoal, and crystalline substances were obtained by 
chromatography of the crude extracts on silica gel (2). Some of the many 
crystalline compounds were examined, and several of these were identified. 


EXPERIMENTAL 


The perfusions mentioned in this paper are indicated only in broad 
outline since the techniques are fully detailed elsewhere (4). The method 
of isolating the steroids from the perfusates has been described by Levy 
et al. (2). All melting points were made with samples placed between 


* This investigation was supported by a grant from G. D. Searle and Company, 
Chicago, Illinois. A preliminary report of the results was made at the 118th meeting 
of the American Chemical Society, Chicago, September, 1950. 

t Present address, Research Laboratory of the Medical Clinic, Massachusetts 
General Hospital, Boston, Massachusetts. 

$ Present address, College of Medicine, State University of New York, Brooklyn 
3, New York. 
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cover-slips on a heated stage. The infra-red absorption spectra were 
generously made and interpreted at the Sloan-Kettering Institute for 
Cancer Research under the direction of the late Dr. Konrad Dobriner and 
at the Worcester Foundation by Mr. Paul Skogstrom. 


Perfusion of Progesterone 

Commercial progesterone, m.p. 126.5-128.5°, was purified by chromatog- 
raphy on silica gel (grade 923, The Davison Chemical Corporation, Balti- 
more 3, Maryland) and crystallization of the benzene-ethyl acetate, 7:1, 
eluate residues. A solution of this progesterone, 551 mg., m.p. 128.5-130°, 
in 22 ml. of propylene glycol was added to 8 liters of citrated whole bovine 
blood and the mixture perfused through four lacerated bovine adrenals in 
parallel, under pulsatile flow. About six and one-half statistical cycles 
were made in about 3} hours. 

A part of the perfusate, 7.26 liters, equivalent to 500 mg. of progesterone, 
was taken for isolation studies. This was frozen to effect hemolysis and 
the remelted blood treated five times, each time with 40 gm. of activated 
charcoal (Darco G-60). Each treatment consisted of stirring the blood 
with the adsorbent at room temperature for | to 3 hours; the charcoal was 
allowed to settle overnight at room temperature, and then it was separated 
by centrifugation. Each charcoal was washed by stirring with copious 
portions of 1 per cent saline and then water, and centrifuged each time. 
The charcoal was mixed with acetone, and the suspension filtered and 
washed with about 400 ml. of acetone. This acetone filtrate was concen- 
trated in vacuo to remove the solvent and the residual aqueous solution 
(25 to 50 ml.) extracted five times with 75 ml. of chloroform. The com- 
bined chloroform solutions were concentrated in vacuo to a weighed residue 
(Residues Al to A5, Diagram 1). 

After the charcoal had been washed with acetone on the filter, it was 
similarly washed with methylene chloride and finally leached continuously 
in a Soxhlet apparatus for 16 to 24 hours with this solvent. The methylene 
chloride solutions were combined and concentrated to a weighed residue 
(Residues MC1 to MC5, Diagram 1). 

The saline and water washes of the charcoals were all combined and 
stirred as above with 25 gm. of Darco (Portion 6). This charcoal was 
washed and then leached by acetone and methylene chloride as described 
above ‘(Residues A6 and MC6). 

Finally, Portion 1 of the Darco was combined with Portion 2, Portion 
3 with 4, and Portion 5 with 6, and each combination was leached con- 
tinuously with benzene for 3 to 5 hours in a Soxhlet apparatus (Residues 
B1,2; 3,4; 5,6). The entire isolation procedure is outlined in Diagram |. 

Each extract, usually a yellow to brown syrup containing some crystal- 
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| jine solid, was tested with concentrated sulfuric acid, which produces a 


green fluorescing solution with certain steroids, e.g. corticosterone and 
17-hydroxycorticosterone. The results are summarized in Table I. 


Perfusate frozen and remelted; stirred with Ist portion of 


Darco G-60; centrifuged 

Decanted solution stirred with Charcoal Portion 1 washed with saline, 

2nd portion of charcoal; centri- then water, centrifuged 

fuged, ete. 

| 

Decanted solution combined Charcoal Portion | stirred with acetone; 

with washes of Portions 2 to filtered 5 


5 of charcoal; stirred with 
charcoal Portion 6, ete. 


pion | filtrate concentrated in vacuo Charcoal Portion 1 washed on 

to remove acetone; extracted aque- filter with methylene chloride; 

ous residue with chloroform leached with methylene chlo- 
ride in Soxhlet apparatus 


Aqueous layer, Chloroform extract concen- 


discarded trated in vacuo to weighed 
residue (Al) 
| 

Methylene chloride solutions com- Chareoal Portion 1 combined 

bined and concentrated in racuo to with charcoal Portion 2, at 

weighed residue (MC1) same stage, and leached with 

benzene in Soxhlet apparatus 

Benzene solution concentrated in vacuo Charcoal Portions 1, : 


to weighed residue (11,2) 
Disoram 1. Flow chart; isolation of steroids from progesterone-adrenal perfusate 


The residues of all these extracts were combined, dissolved in benzene, 
and subjected to systematic chromatography on silica gel, with a ratio of 
6) to 100 parts of adsorbent to | part of residue. Elutions were made 
with various mixtures of benzene, ethyl acetate, acetone, and methanol, 
and, from the residues of these eluates, a series of solids was obtained by 
direct crystallization. Unerystallized eluate residues and syrups from 
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the crystallization mother liquors were rechromatographed ten times in 
order to obtain additional crystalline solids. 

A large amount of crystalline solid appeared in the benzene-ethyl acetate, 
30:1 to 20:1, eluate residues. This material has been isolated from 
unperfused blood to which no steroid was added and was therefore not 
investigated further. 

Unknown 1-—Benzene-ethy! acetate, 8:1, eluted a mixture of colorless 
syrup and crystals. Crystallization from ethyl acetate-neohexane vielded 
10.2 mg., m.p. 188-190° and 186-188°. Reecrystallization raised the 
melting point to 192-193°. The further study of this solid will be de- 
scribed in a subsequent publication. 


Extracts Obtained from Progesterone Perfusate 


Methylene chloride, wash and 


Acetone wash (via chloroform) entenction Benzene, Soxhlet extraction 
Portion No. | — 
Mg. Sulfuric acid test® Mg. Sulfuric acid test Mg. Sulfuric acid test 
1 112 #&=Intense + 622 Intense + 
100 4 | goo 49 Slight + 
3 58 + 393 60 
4 31 Trace + 389 
5 42 417 - ol 
6 16 - | 42 = 


* A sample of each residue was dissolved in a drop of concentrated sulfuric acid 
and the solution viewed against a black background. A green fluorescence was a 
positive reaction. 


Progesterone-—Benzene-ethy| acetate, 7:1 to 4:1, eluted a series of 
syrups from which a solid, 46.5 mg., was obtained by crystallization in 
ethyl acetate-neohexane. This solid appeared in two forms, one melting 
typically at about 121° and the other at 132.5-134°. A mixture of the 
two forms had the higher melting point. This substance was found to be 
progesterone, for it did not depress the melting point of an authentic 
sample. 

Unknown 2—A solid, 2 mg., was isolated by crystallization of a syrup 
eluted by benzene-ethyl acetate, 6:1. Its poor form and wide melting 
range, 136-145°, indicated it to be a mixture. The substance is being 
studied further. 

Unknown 3-—-Some of the syrups eluted by benzene-ethy!l acetate, 6:1, 
were crystallized from benzene-neohexane to produce 9.2 mg. of a crystal- 
line solid distributed among three crops. The best melting point was 
231-234°. This solid, which is impure, is being examined further. 
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17a-H ydroxyprogesterone-—Benzene-ethy! acetate, 5:1 to 3:1, eluted a 
mixture of syrup and crystalline solid from which, by crystallization from 
ethyl acetate-neohexane, a group of solids was obtained. These amounted 
to 29.1 mg. and ranged in melting point from 183-198° to 206-208°. Var- 
jous crystalline forms were observed, of which the most outstanding was 
a striated, diamond-shaped plate. Reerystallizations achieved the pure 
compound, m.p. 218-221°, which was demonstrated to be 17a-hydroxy- 
progesterone. It did not depress the melting point of an authentic sam- 
ple, m.p. 213-217°. Further, its 3,20-dioxime, m.p. 248-249°, prepared 
according to the method of Pfiffmer and North (5), did not depress the 
melting point of an authentic sample of the 3 ,20-dioxime, m.p. 249-251°. 

Unknown 4-—The residues of some of the later benzene-ethy! acetate, 
4:1, and earlier 3:1 eluates were syrups from which several impure solids 
could be crystallized in ethyl acetate-neohexane. These totaled 5 mg. 
and ranged in melting point from 176-195° to 245-246°. They are being 
studied further. 

118-H ydroxyprogesterone—The earliest of the syrups eluted by benzene- 
ethyl acetate, 1:1, was crystallized in ethyl acetate to produce 1.5 mg., 
m.p. 178-183°, and 0.7 mg., m.p. 177-179°. By reerystallization of the 
former, 1.1 mg., m.p. 180-184°, were obtained. The substance did not 
depress the melting point of authentic 118-hydroxyprogesterone, m.p. 
180-183°, prepared from corticosterone (6). The identity was established 
by a comparison of the infra-red absorption spectra of the two samples, 
taken of solutions in carbon disulfide. These spectra were identical. 

Corticosterone——Later portions of benzene-ethyl acetate, 1:1, eluted a 
mixture of syrup and crystals, which was crystallized in ethyl acetate to 
produce 17.6 mg. of solids having a melting range of 163-169° to 176- 
179.5°. Reerystallization vielded the purified substance, m.p. 179-181°, 
which did not depress the melting point of authentic corticosterone, m.p. 
180.5-184°. The perfusion product, 5.5 mg., was converted into its 
2l-acetate by reaction in 0.07 ml. of pyridine with 0.03 ml. of acetic anhy- 
dride at room temperature for 24 hours. The acetate, m.p. 147-148°, did 
not depress the melting point of an authentic sample of corticosterone 
2l-acetate, m.p. 151-152.5°. 

Still later benzene-ethyl acetate, 1:1, eluates led to syrups from which 
a series of impure solids could be obtained by crystallization in ethyl 
acetate. These totaled 10.3 mg. and had a melting range of 185-189° to 
183-200°. They all formed a green fluorescent solution with sulfuric acid 
and probably consisted largely of mixtures of corticosterone and 17-hy- 
droxycorticosterone. This was not demonstrated, however. 

17-H ydroxycorticosterone-The residues of the last benzene-ethy! ace- 
tate, 1:1, eluates were mixtures of syrup and solid. These were crystal- 
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lized from ethyl acetate to produce 68.9 mg. of a series of solids with a 
melting range of 186-192° to 195-197.5°. Recrystallizations raised the 
melting point to 207.5-208.5° for intact crystals (198-199°, crushed crys- 
tals). This purified solid did not depress the melting point of authentic 
17-hydroxycorticosterone, m.p. 207-209°. The perfusion product, 10.0 
mg., was converted into its 2l-acetate by allowing it to react in 0.07 ml. 
of pyridine with 0.03 ml. of acetic anhydride at room temperature for 22 
hours. The acetate, m.p. 219-220° for intact crystals (207—210°, crushed 
crystals), did not depress the melting point of authentic 17-hydroxycorti- 
costerone 21l-acetate, m.p. 212—213°. 

Unknown 5—Some of the benzene-ethyl acetate, 1:1, eluates led to 
syrups from which 0.7 mg. of transparent plates, m.p. 156-161°, was 
obtained by crystallization from ethyl acetate. This solid, which produced 
no color with sulfuric acid, is being further investigated. 


Repetition of Progesterone Perfusion 


The multicycle perfusion of progesterone was repeated, primarily in 
order to check the formation of corticosterone and 17-hydroxycorticos- 
terone. A solution of 550 mg. of progesterone in 25 ml. of propylene 
glycol was added to 8 liters of citrated whole bovine blood and the mixture 
perfused through five lacerated bovine adrenals for about 6.6 statistical 
cycles in 2} hours. Steroids were isolated from 6.3 liters of the perfu- 
sate, equivalent to 433 mg. of progesterone, by the above method of ad- 
sorption on Darco and subsequent leaching of the charcoal with acetone, 
methylene chloride, and methanol. The treatment with the successive 
portions of Darco differed from the previous run in that the stirring with 
the adsorbent was carried out at 10—-20° for only 30 minutes and the char- 
coal was allowed to settle at about 5° instead of at room temperature. 

The syrups extracted from the adsorbent were combined and fraction- 
ated by systematic chromatography on silica gel, in which the developing 
solvents were appropriate mixtures of hexane, benzene, ether, ethyl ace- 
tate, acetone, and methanol. The following compounds were isolated and 
identified by mixed melting points with authentic samples. The eluting 
solvent is given in parentheses. (1) Progesterone, 54 mg., m.p. 119- 
122°/125-127° to 128-130° (benzene-ether, 4:1, 3:1, 2:1); (2) 17a-hy- 
droxyprogesterone, 30 mg., m.p. 212-216° (benzene-ether, 2:1, 1:1); (3) 
corticosterone, 5 mg., m.p. 179-183° (ether-ethyl acetate, 4:1); and (4) 
17-hydroxycorticosterone, 43 mg., m.p. 199-207° and 200-211° (ether- 
ethyl acetate, 4:1, 3:1, 2:1, 1:1). 

In addition, several substances were isolated, but not identified. These 
are indicated below (the eluting solvent is in parentheses). Unknown 6, 
3.5 mg., m.p. 139-141° (benzene-ether, 4:1). Unknown 7, 38 mg., m.p. 
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130-131° (benzene-ether, 4:1 to 2:1). This is identical with the unknown 
solid, m.p. 131-132°, obtained from the adrenal perfusate of androst-4-en- 
3,17-dione (3) and was not investigated further. Unknown 8, 25 mg., 
m.p. 186.5-188°, and 16 mg., m.p. 173-186° (benzene-ether, 1:1). This 
forms a lemon-yellow solution in sulfuric acid. Its structure is under 
continued investigation. 


Controls of Progesterone Perfusion 


Citrated whole bovine blood (8 liters) containing no added progesterone 
was perfused through five lacerated bovine adrenals for about six and 
one-half statistical cycles in 3} hours. The perfusate was treated in the 
usual manner at 0—10°, and the combined syrups extracted from the ad- 
sorbent were then chromatographed on silica gel. Neither progesterone 
nor any one of its four hydroxylated products could be crystallized. The 
syrups obtained from the benzene-ether, 2:1, through ethyl acetate eluates, 
which would include any corticosterone and 17-hydroxycorticosterone pres- 
ent, were analyzed for formaldehydogenic substances (2). The total was 
only 6 mg., with deoxycorticosterone as a standard. 

Progesterone (550 mg.) in 8 liters of citrated whole bovine blood was 
circulated through the perfusion apparatus for 3 hours in the absence of 
any adrenal glands. The blood was then treated with Darco. Silica gel 
chromatography of the crude extracted syrups led to the crystallization of 
290 mg. (53 per cent) of progesterone. None of the hydroxylated products 
obtained in the perfusions could be crystallized. Further, the syrups 
eluted by benzene-ethyl acetate, 4:1, through ethyl acetate, which would 
include any corticosterone and 17-hydroxycorticosterone present, were 
found to contain a total of only 7 mg. of formaldehydogenic substances. 

Citrated whole bovine blood (8 liters), which was not circulated in the 
perfusion apparatus and to which no progesterone was added, was exam- 
ined by the Darco-silica gel method. The syrups in the corticosterone- 
17-hydroxycorticosterone range of eluates contained a total of only 5 mg. 
of formaldehydogenic substances. 


Single Cycle Perfusion of 17a-H ydroxyprogesterone 

A solution of 450 mg. of 17a-hydroxyprogesterone, m.p. 212-213°, in 
20 ml. of propylene glycol was added to 4.5 liters of bovine plasma and 
the mixture perfused via the aorta through one intact bovine adrenal 
gland. One cycle was made in 12 hours. 

The perfusate was treated successively with 20 gm. and 10 gm. of Darco, 
each treatment consisting of a 30 minute stirring period followed by a 16 
hour settling period before decantation, both at room temperature. The 
combined charcoals were washed with saline and then filtered. The 
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charcoal was washed on the filter with acetone and the filtrate concentrated 
in vacuo to a residual syrup, 42 mg., which was not examined. 

The acetone-washed adsorbent was dried in air at room temperature and 
then leached with methylene chloride in a Soxhlet apparatus for 16 hours. 
The residue of this extract, which was a mixture of syrup and solid, 381 
mg., was dissolved in benzene and the solution chromatographed on silica 
gel. The chromatogram was developed with benzene-ethyl acetate mix- 
tures, ethyl acetate, acetone, and methanol. Several substances were 
crystallized, of which two were identified. 

U'nknown 1-—Benzene-ethyl acetate, 5:1, eluted 7 mg. of syrup, from 
which 2.5 mg., m.p. 250-257°, could be crystallized in ethy] acetate. This 
substance is under continued study. 

17a-H ydroxyprogesterone-—Benzene-ethyl acetate, 4:1 and 3:1, eluted 
55.5 mg. of syrup and solid, from which 43.5 mg. could be crystallized in 
ethyl acetate-neohexane. The various crystalline fractions had a melting 
range of 197—-200° to 215-216°. The substance was identified as 17-hy- 
droxyprogesterone, based upon a mixed melting point with an authentic 
sample. 

Unknown 2—A later benzene-ethyl acetate, 3:1, eluate led to a residue 
of 11.5 mg. of syrup and solid, from which 1.5 mg. of a substance, m.p. 
268-270°, could be crystallized in ethyl acetate-neohexane. Additional, 
less pure solid, 4.5 mg., was obtained from the mother liquor. This sub- 
stance is under continued study. 

17-H ydroxycorticosterone—Benzene-ethy!| acetate, 1:2 and 1:3, eluted 
20.5 mg. of syrup and solid, from which 7 mg., m.p. 199-204°, could be 
crystallized in ethyl acetate-neohexane. Additional, less pure solid, 4 
mg., was obtained from the mother liquor. The former fraction did not 
depress the melting point of authentic 17-hydroxycorticosterone, m.p. 
215-218.5°. The identity was established by a comparison of the infra-red 
absorption spectra of the acetates. The perfusion product and the known 
substance were each acetylated in acetic anhydride-pyridine at room 
temperature, and the spectra were taken of carbon disulfide solutions of 
the uncrystallized acetates. These spectra were identical. The spectrum 
of the perfusion product indicated, however, that it was somewhat impure, 
for the absorption bands were not sharp. 


Two Cycle Perfusion of 17-Hydroxyprogesterone 


17-Hydroxyprogesterone, m.p. 212-213°, was purified further by chro- 
matography on silica gel and recrystallization of the solids eluted by 
benzene-ethyl acetate, 4:1. A solution of 934 mg. of this material, m.p. 
213-215°, in 75 ml. of propylene glycol was added to 8 liters of citrated 
whole bovine blood and the mixture perfused through four lacerated 
bovine adrenals. ‘Two cycles were made in 3} hours. 
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A portion of the perfusate, 7.34 liters, equivalent to 852 mg. of 17- 
hydroxyprogesterone, was taken for isolation of the steroids. This was 
done in the same manner, except for minor variations, as that described 
for the first progesterone perfusate above. The crude mixtures of syrup 
and solid extracted from the Darco are summarized in Table II. 

Systematic chromatography of these combined residues on silica gel, 
with mixtures of benzene, ethyl acetate, acetone, and methanol to develop 
the chromatogram, led to the isolation of three crystalline solids. 

17-Hydroxryprogesterone— Benzene-ethyl acetate, 4:1, eluted a mixture 
of crystals and syrup, from which 484 mg. of a substance could be crystal- 
lized in ethyl acetate. It exhibited a variety of melting points, e.g. 203- 
208°, 209-212°, 212.5°-220°, partial melting at 218°, resolidification at 
about 221°, and remelting at 223-258°. ‘This variable melting behavior 


Taste Il 
Extracts Obtained from Two Cycle 17-Hydrory progesterone Perfusate 


| (via chloroform) | Methylene chloride, wash extraction, hes. traction, 3-5 hes. 
| Mg. | Sulfuric acid test | Mg. | Sulfuric acid Mg. | Sulfuric acid Mg. | Sulfuric acid 
1 | Strong+ 392 Strong+ | 463 Strong + 44 Weak + 
2 | 61| Weak+ | 155| Weak+ (262 - 
3 32 Trace + 98 “+ |37| - les | — 
4 | 89 _ 228 | “ + |408| Weak+ | 
5 | 10 - 21) - 6 


is a characteristic of 17-hydroxyprogesterone. The perfusion product was 
identified as this compound, since it did not depress the melting point of 
an authentic sample, m.p. 213-215°. 

Unknown 3-—Benzene-ethyl acetate, 3:1, eluted a series of mixtures of 
syrup and solid. One of these mixtures could be crystallized from ethyl 
acetate to produce 8.9 mg. of needles, m.p. 192-195°. Its solution in sulfuric 
acid is orange, changing to pink, against a white background, and red- 
orange, changing to a burgundy-red, against a black background. Further 
work toward the identification of this substance is in progress. 

17-H ydroxycorticosterone—Benzene-ethyl acetate, 1:2, eluted a series of 
mixtures of syrup and solid, from which several impure solids, totaling 
28.4 mg. and melting at about 184-189°, were obtained by crystallization 
from ethyl acetate. Recrystallizations from acetane and ethyl acetate 
led to 7.2 mg., m.p. 202-204°. This did not depress the melting point of 
authentic 17-hydroxycorticosterone, m.p. 207.5-208.5°. The identity was 
further established by converting the perfusion product (8.8 mg.) with 
acetic anhydride-pyridine into its acetate, 5.1 mg., m.p. 213-217°, and 
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comparing the latter with the known 17-hydroxycorticosterone 21-acetate, 
m.p. 219-220°. The mixed melting point was not depressed. 


Single Cycle Perfusion of Pregn-5-en-3B-ol-20-one 


A commercial grade of pregn-5-en-38-ol-20-one (pregnenolone) was 
purified further by chromatography on silica gel and subsequent crystal- 
lization from acetone. A mixture of 500 mg. of this purified material, 
m.p. 188-196°, in 50 ml. of propylene glycol and 10 liters of citrated whole 
bovine blood was perfused through five lacerated bovine adrenals for one 
cycle in 23 hours. The perfusate was frozen and remelted and then treated 
with five successive portions of Darco, each 50 gm. Each treatment 
consisted of stirring with the adsorbent for 30 minutes at 10—20°, allowing 
the charcoal to settle for about 16 hours at 5°, decanting, and again stir- 


Taste III 
Extracts Obtained from One Cycle Pregnenolone Perfusate 
Total residue of 
Successive steps in eluting steroids from each portion of activated charcoal extracts of all 
portions 
1. Stirred twice with acetone and centrifuged....................... 630 
2.  onee with methylene chloride and centrifuged............ 194 
3. Leached with methylene chloride in Soxhlet apparatus, 16 hrs... . 711 
4. benzene in Soxhlet apparatus, 4 hrs................. 291 
5. * ** methanol in Soxhlet apparatus, 4 hrs............... 441 


ring the decanted solution with fresh adsorbent. The charcoals were 
washed with saline as usual and the steroids then eluted from the adsorbent 
in the manner outlined in Table III. 

The total extract of syrup and solid, 2.594 gm., was dissolved in hexane- 
benzene, 1:1, and chromatographed on 60 gm. of silica gel. Elutions were 
made with appropriate mixtures of benzene, ether, ethyl acetate, acetone, 
and methanol. Two steroids were crystallized from certain of the eluate 
residues and identified. 

Progesterone-——One of the early benzene-ether, 3:1, eluates led to a resi- 
due of 45 mg. of syrup and crystals, which was crystallized from ether- 
pentane to produce 16 mg., m.p. 115-122°. Recrystallization yielded 10 
mg. of elongated prisms, m.p. 121-122.5°. Its mixture with authentic 
progesterone, m.p. 119-—120°/125-127°, melted at 121-124°. The cooled, 
resolidified melt melted at 127-130°. Further, the infra-red absorption 
spectrum, taken of a film deposited from solution, was identical with that 
of the known compound. 
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Pregnenolone—The last benzene-ether, 3:1, eluate and the 2:1 eluates 
led to four residues totaling 193 mg. of syrup and solid. These were sepa- 
rately crystallized from ether-pentane to yield 111 mg. of solids with a 
total melting range of 158-198°. They were combined and recrystallized 
from acetone to produce 86 mg., m.p. 187—-198°. A second recrystalliza- 
tion raised the melting point to 194-199.5°. This did not depress the 
melting point of authentic pregnenolone, m.p. 188-196°. Further, the 
infra-red absorption spectra, taken of films deposited from solution, of the 
perfusion product and the known compound were identical. 

The eluates in the corticosterone-17-hydroxycorticosterone range led to 
residues of syrups, some of which contained trace amounts of solids. These 
were not investigated. 


Taste IV 
Extracts Obtained from Eight Cycle Pregnenolone Perfusate 
Charcoal Charcoal | Charcoal Portions 
Portion 1 Portion 2 
Methylene chloride, wash............. 134 + 309 - 
Soxhlet extrac- 
Benzene, Soxhlet extraction, 4-13 hrs. .| 76 191 3392 
Eight Cycle Perfusion of Pregnenolone 


A solution of 200 mg. of pregnenolone, m.p. 188—196°, in 15 ml. of pro- 
pylene glycol was added to 8 liters of citrated, whole bovine blood and the 
mixture perfused through five lacerated bovine adrenals under non- pul- 
satile flow. Eight discrete cycles were made in 33 hours. An aliquot of 
7.7 liters, equivalent to 192 mg. of pregnenolone, was taken for isolation 
of the metabolites. The adsorption on and elution from Darco was per- 
formed essentially in the manner described for the first progesterone per- 
fusate above. The crude mixtures of syrup and solid extracted from this 
adsorbent are summarized in Table IV. 

The syrups (3.53 gm.) obtained from the third, fourth, fifth, and saline- 
wash charcoals were combined in benzene and the solution chromato- 
graphed on 80 gm. of silica gel. The column was developed with benzene- 
ethyl acetate, 10:1, 8:1, 6:1, and 4:1, ethyl acetate, acetone, and methanol. 
The syrups (183 mg.) eluted by the last three solvents which produced a 
green fluorescence with sulfuric acid were combined with the extracts of 
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the first and second portions of charcoal. The total, 1.83 gm., was com- 
bined in benzene and the solution chromatographed on 60 gm. of silica gel. 
The chromatogram was developed with benzene-ethyl acetate mixtures, 
ethyl acetate, acetone, and methanol. Many solids were obtained from 
the eluate residues by crystallization from ethyl acetate or ethyl acetate- 
neohexane, but only those which came from the benzene-ethyl acetate, 
1:1, and ethyl acetate eluates were examined. These are described in 
order of increasing polarity. 

Unknown 1, from benzene-ethyl acetate, 1:1, 0.5 mg., small needles, 
m.p. 104—104.5°. It produces no color with sulfuric acid. 

Corticosterone, from benzene-ethyl acetate, 1:1, 18.4 mg., prisms, m.p. 
167-182°. Reecrystallization of this solid from ethyl acetate raised the 
melting point to 178.5-181°. This did not depress the melting point of 
authentic corticosterone, m.p. 175-181°. Further, the perfusion product 
was converted into its acetate, m.p. 150.5-151.5°, by reaction with acetic 
anhydride-pyridine at room temperature. This acetate did not depress the 
melting point of authentic corticosterone 21l-acetate, m.p. 151—152.5°. 

17-H ydroxycorticosterone, from benzene-ethyl acetate, 1:1, 19.8 mg. of 
four fractions with a total melting range of 173-200°. Recrystallization 
from ethyl acetate achieved the purified substance, m.p. 207-209.5°. This 
did not depress the melting point of authentic 17-hydroxycorticosterone, 
m.p. 207-208.5°. Further, the perfusion product was converted into its 
21-acetate, m.p. 217-218.5°, which did not depress the melting point of 
authentic 17-hydroxycorticosterone 21-acetate, m.p. 219-220°. 

Unknown 2, from benzene-ethy] acetate, 1:1, 1.1 mg., transparent plates, 
m.p. 153-155°. This did not produce a color with sulfuric acid. 

Unknown 3, from ethyl acetate, 1.5 mg., needles, sublimed at about 
220-225°. This did not produce a color with sulfuric acid. 

The weights of corticosterone, 17-hydroxycorticosterone, and the Un- 
knowns 1 to 3 given above constitute only a part of the total amount 
present in the syrups, which were not exhaustively crystallized. 


DISCUSSION 


The 118-hydroxylations of progesterone and 17a-hydroxyprogesterone 
extend the generality of this oxidation of steroids by the perfused, isolated 
bovine adrenal gland. The isolation of transformation products in which 
17a- or 21-hydroxylation, or both, had occurred demonstrates the ability 
of the gland to effect other oxidations. The 17a- and 21-hydroxylations 
have since been achieved by incubation with beef adrenal tissue (7, 8). 
Further, 68-hydroxy-11-deoxycorticosterone has been isolated from the 
products of the incubation of deoxycorticosterone with hog adrenal ho- 
mogenate (9). Evidently the adrenal gland can oxidize steroids at many 
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points in the molecule, and one anticipates the isolation of other types of 
such metabolites. 

The 17-hydroxyl group has the a configuration in both the perfusion 
products and all such oxygenated steroids isolated from the adrenal glands 
(10). In this respect, as well as in the formation of 118-hydroxylated and 
5a-hydrogenated metabolites, the perfused gland parallels the gland in situ. 

The oxidations of pregnenolone to progesterone during its one cycle 
perfusion, and to corticosterone and 17-hydroxycorticosterone during the 
eight cycle perfusion, suggest that progesterone is the intermediate in the 
pathway of pregnenolone to the corticosteroids. It is possible, though the 
present work does not offer supporting data, that this is a major pathway 
in the gland in situ. The conversion of pregnenolone to progesterone has 
also been effected by incubation with adrenal cortical and other tissues (11). 

There are two possible routes between progesterone and corticosterone: 
one via deoxycorticosterone and the other via 118-hydroxyprogesterone. 
Deoxycorticosterone was oxidized to corticosterone in yields as high as 36 
per cent by perfusion through adrenal glands (1, 4), while, in contrast, no 
crystalline corticosterone could be isolated from two perfusions of 118- 
hydroxyprogesterone.! Although some corticosterone may have been 
formed in the latter perfusions, the difference in yields is so great as to 
suggest that the former of the above routes is the major one. Deoxycor- 
ticosterone was not isolated from the progesterone perfusate, but this 
could possibly be explained by its rapid conversion into corticosterone as 
it was formed from progesterone. No data to support this possibility are 
available as yet. 

There are several possible pathways from progesterone to 17-hydroxy- 
corticosterone. The one in which 17a-hydroxyprogesterone and 17a,21- 
dihydroxyprogesterone (17-hydroxy-11-deoxycorticosterone) are the suc- 
cessive intermediates is a likely route, since both of these substances are 
readily converted by perfusion into 17-hydroxycorticosterone. The 
17a ,21-dihydroxyprogesterone was not isolated, but this, too, may be a 
case in which the intermediate is quickly oxidized after its formation. 

The route involving successively 21-hydroxyprogesterone (deoxycorti- 
costerone) and 118,21-dihydroxyprogesterone (corticosterone) is less 
likely, since corticosterone, but never 17-hydroxycorticosterone, has 
always been isolated from perfusates of deoxycorticosterone. Further, no 
17-hydroxycorticosterone was isolated from a perfusion of corticosterone 
(12). It is probable, therefore, that corticosterone is not a major inter- 
mediate to 17-hydroxycorticosterone. 

The route via 1186-hydroxyprogesterone and 118, 17a-dihydroxyproges- 


! Jeanloz, R. W., Levy, H., Jacobsen, R. P., Hechter, O., Schenker, V., and Pincus, 
G., unpublished observations. 
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terone is also less likely, since 17-hydroxycorticosterone was not isolated 
from the perfusions of the former.’ If it is a pathway at all, it is probably 
not a major one. 

Nothing can be said about the pathway in which 17a-hydroxyproges- 
terone and 118,17a-dihydroxyprogesterone are the intermediates since 
the latter has not been perfused as yet. 

Fig. 1 summarizes the most plausible pathways to corticosterone and 
17-hydroxycorticosterone. The compounds immediately following the 
broken arrows were not crystallized. 
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Fic. 1. Suggested pathways of corticosteroid synthesis in the perfused bovine 
adrenal gland. The compounds immediately following the broken arrows were not 
crystallized. 


The identified metabolites which were isolated from the progesterone 
perfusate in largest quantity were 17a-hydroxyprogesterone, corticosterone, 
and 17-hydroxycorticosterone. The amounts found are not to be inter- 
preted as the total present, since (1) the large amounts of extraneous 
material in the silica gel eluate residues hindered complete crystallization, 
(2) the amounts given of these metabolites are of the impure solids, and 
(3) the charcoal method of isolating steroids from blood is not quantitative 
(13). It seems, though, that corticosterone and 17-hydroxycorticosterone 
are the quantitatively major end-products of the oxidation of progesterone 
by the perfused, isolated bovine adrenal. They are also major constituents 
among the corticosteroids in beef adrenal perfusates of blood to which no 
steroid was added, in the presence or absence of added adrenocorticotropic 
hormone (14). Perfusions of C-labeled acetate or cholesterol have led to 
the formation of radioactive corticosterone and 17-hydroxycorticosterone 
(15, 16). Finally, the presence of large amounts of both of these sub- 
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stances in adrenal venous blood of dogs has been demonstrated (17, 18). 
It is evident, therefore, that they are both formed in large quantity by the 
adrenal gland under a variety of conditions. An important problem is 
whether the simultaneous formation of these two substances, which are 
qualitatively similar in various biological assays, is necessary for the nor- 
mal functioning of the living animal and, if so, why. 


SUMMARY 


Progesterone was converted into 17a-hydroxyprogesterone, 113-hydroxy- 
progesterone, corticosterone, and 17-hydroxycorticosterone by perfusion 
through isolated bovine adrenal glands. 17a-Hydroxyprogesterone was 
similarly transformed into 17-hydroxycorticosterone. Pregnenolone was 
converted by a one cycle perfusion into progesterone and, by an eight 
cycle perfusion, into corticosterone and 17-hydroxycorticosterone. The 
pathways of corticosteroid synthesis are discussed on the basis of these 
and other data. 
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The effect of glutamic acid and glutamine on glycolysis is one of the few 
examples of a direct and apparently specific action of amino acids on a 
particular phase of carbohydrate metabolism. Glutamine has been shown 
to stimulate glycolysis in Streptococcus hemolyticus (1) and in iron-deficient 
cells of Clostridium tetani (2). Glutamine, glutamic acid, and related com- 
pounds have also been reported to increase aerobic glycolysis in brain slices 
(3). During an investigation of the metabolism of glutamine and glutamic 
acid by Bacillus subtilis it was observed that both of these compounds 
markedly stimulated the utilization of glucose. Analysis of the products 
of the reaction revealed an additional effect of the dicarboxylic acid and 
its amide, 7.¢. stimulation of the non-oxidative conversion of pyruvic acid 
to acetoin with simultaneous decrease of the oxidative breakdown of the 
keto acid. 


EXPERIMENTAL 
Organism and Media 


The Ford strain of B. subtilis (strain 712 USDA, American Type Culture 
Collection) used in this study has recently been identified by Smith et al. 
(4) as a strain of Bacillus licheniformis. This organism metabolizes glucose 
anaerobically, and also grows anaerobically in the presence of nitrate with 
gas production. 

The organism was maintained on nutrient agar slants, and spore sus- 
pensions were prepared periodically by washing the cells from a 4 week-old 
slant with 5 ml. of sterile, distilled water. The cell suspension was cen- 
trifuged, washed twice with sterile, distilled water, and stored at 3°. Pre- 
vious to inoculation, the spore suspension containing 10 to 10° spores per 


* This work was supported in part by grants from the National Institute of Neuro- 
logical Diseases and Blindness (grant No. 8-226) of the National Institutes of Health, 
United States Public Health Service, and by a contract between the Office of Naval 
Research and the New York State Psychiatric Institute. 

t Fellow of the Israeli Government on leave from the Israeli Institute for Bio- 
logical Research, Ness-Ziona, Israel. 
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ml. (by plate count) was diluted 1:25 and heated for 15 minutes at 60°. 
Preliminary experiments indicated that the use of spores for inoculum and 
the use of “heat shock”’ were necessary to prevent morphological and met- 
abolic changes during subculture. This procedure has been shown pre- 
viously to result in a minimal appearance of mutants and in reproducible 
growth for anaerobic spore-forming bacteria (cf. (5)). Immediately after 
the “heat shock,” 0.5 ml. of the suspension was pipetted into Roux bottles 
containing 100 ml. portions of Sauton’s medium prepared with L-glutamic 
acid and 10 per cent tap water (6). The culture was incubated at 34° and 
harvested 24 hours after it showed visible growth (36 to 40 hours). The 
cell suspension was centrifuged and washed on the centrifuge once with 
10 ml., and twice with 40 ml., of m/15 potassium phosphate buffer, pH 
7.4, per 2 to 3 gm. of cells (wet weight). 


Materials and Methods 


Acetoin was determined by the method of Westerfeld (7). The acetoin 
used for standard determinations was purified as described by Berl and 
Bueding (8). The presence of diacetyl was ruled out by the method of 
White et al. (9). Glucose was measured according to the method of Drey- 
wood (10), as modified by Van Slyke and Sinex (11). For analytically 
pure anthrone we are indebted to Dr. H. Meltzer. 2,3-Butanediol was 
estimated after oxidation to acetoin, as described by Happold and Spencer 
(12). Pyruvic acid was measured by the direct method of Friedemann and 
Haugen (13), and lactic acid by the method of Barker and Summerson 
(14). Volatile acids were determined after steam distillation by titra- 
tion with standard base. Potassium pyruvate was crystallized according 
to Korkes et al. (15); a-ketoglutaric acid was synthesized according to 
Schneider (16), and recrystallized several times from glacial acetic acid 
and mixtures of acetone, benzene, and petroleum ether. Glutamic acid 
and glutamine were commercial samples of high purity. In all the ex- 
periments the solutions of glutamine and pyruvate were prepared imme- 
diately before use. 

In the experiments with glucose as substrate, the reaction was stopped 
by the addition of 1 ml. of 0.1 m ZnSO,, followed by 0.5 ml. of 0.4 m NaOH 
to 0.5 ml. of the reaction mixture. When pyruvate was the substrate, 
metaphosphoric acid was added to a final concentration of 15 per cent. 


Results 


Increased Utilization of Glucose on Addition of Glutamine or Glutamic 
Acid—The breakdown of glucose was studied at three different pH levels 
in a series of experiments (Fig.1,atoc). The specific conditions are given 
in the legend to Fig. 1. The cells were incubated in 50 ml. stoppered 


se Ss st 


A. KEYNAN, H. J. STRECKER, AND H. WAELSCH 885 


Erlenmeyer flasks for the times indicated. The flasks were continuously 
shaken during the incubation period. Aliquots were withdrawn and de- 
proteinized at 30 minute intervals. The necessary blank and zero time 
incubations were carried out at the same time. Determinations of glucose 
in the removed aliquots indicated a marked stimulation of the disappear- 
ance of glucose when glutamine was present. The percentage stimulation 
was about the same in the pH region from 6 to 8, although the rate of uti- 


a b 
—20 
6090 50 60 90 240 XO 
Time (minutes) Time ( minutes) 


5 


i i — 
6090  6O 20 25 45 65 95 
Time ( minutes) Time ( minutes) 

Fia. 1. Effect of glutamine on the utilization of glucose and pyruvate by B. sub- 
tilis. Sections a, b, ¢, potassium phosphate buffer, w/15; 500 to 900 mg. of cells (wet 
weight); final volume,6 ml. O, glucose, 150 smoles; X, the same + glutamine, 30 
smoles; incubated at 35°. The values shown are calculated for an aliquot of 2 ml. 
Section a, pH 7.4; Section b, pH 8.0; Section ¢, pH 6.0. Section d, potassium phos- 
phate buffer, w/15; pH 7.4; O, potassium pyruvate, 150 wmoles; X, the same + 
glutamine, 30 wmoles; otherwise, the same as in Sections a to c. 
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lization of glucose was maximal at pH 7.4. This pH optimum for glucose 
metabolism by this organism has also been reported by Neish et al. (17). 
It should be noted that the stimulation of glucose disappearance by gluta- 
mine could not be demonstrated under anaerobic conditions, t.e. in a ni- 
trogen atmosphere. Under these conditions glucose was metabolized very 
slowly, 15 umoles being utilized in 4 hours at pH 7.4 with no effect of added 
glutamine. 

The extent of stimulation of glucose utilization depended upon the 
amount of glutamine added (Table 1). 

Similar results were obtained when glutamic acid was substituted for 
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glutamine. In several experiments at pH 7.4 it was found that the rate of 


glucose disappearance was the same for the same concentrations of glu- 
tamic acid and glutamine. 


Tape 
Rate of Glucose Metabolism in Presence of Various Amounts of Glutamine 


Glutamine added Glucose of total 
pmoles pmoles per cont 
0 11.6 23 
2 4 2s 
4 23 46 
6 | 27 55 
10 32 65 


For experimental conditions, see Fig. 1, a and the text. Incubation 240 minutes 
at 35°. The values are calculated for an aliquot of 2 ml. 


2328838 


(PER CENT) 
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60120180 
TIME (MINUTES) 


Fic. 2. Effect of ketoglutarate, glutamine, and glutamic acid on utilization of 
glucose by B. subtilis. Curve 1, glucose + potassium ketoglutarate, 30 ywmoles; 
Curve 2, glucose alone, 150 wmoles; Curve 3, glucose + glutamine, 30 wymoles; Curve 
4, glucose + glutamic acid, 30 wmoles; pH 7.4; otherwise, the same as in Fig. 1. 


In order to determine whether glutamine and glutamic acid or their 
metabolic products were responsible for the increased rate of glucose uti- 
lization, experiments were carried out with ammonia and a-ketoglutarate. 
Ammonium chloride (10 uwmoles) had no effect on glucose utilization. a- 
Ketoglutarate, on the other hand, in the same concentration inhibited 
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glucose utilization markedly (Fig. 2). The rates of glucose utilization in 
the presence of glutamine and glutamic acid are shown for comparison. 
In order to rule out the possibility that the cells were not permeable to 
a-ketoglutarate, oxygen uptake with a-ketoglutarate as substrate was 
measured with another aliquot of the cell suspension with the conventional 
Warburg technique. It was found that ketoglutarate was rapidly oxidized, 
but inhibited the oxygen uptake in the presence of glucose. Thus, in one 
experiment, with a-ketoglutarate (10 wmoles) and glucose (50 umoles) in a 
period of 115 minutes, 5 wmoles of oxygen were utilized in the presence of 
ketoglutarate alone, 28 uwmoles in the presence of glucose alone, and only 
18 umoles in the presence of both substrates. 

Iu preliminary experiments carried out with glutamic acid randomly 
labeled with C™, it was observed that all of the glutamic acid utilized by a 
suspension of cells of B. subtilis could be accounted for as COy. Apparently 
little or no other products of glutamic acid metabolism had accumulated. 
These results, together with the experiments on a-ketoglutarate and NH,*, 
make it appear unlikely that the effect of glutamic acid or glutamine in 
stimulating the utilization of glucose is due to the keto analogue. 

Effect of Glutamine on Products of Glucose Metabolism—In a detailed 
study (17) of the dissimilation of glucose by various strains of B. subtilis, 
it was found that the Ford strain under aerobic growth conditions me- 
tabolized glucose mainly to 2,3-butanediol and acetoin. Glycerol, ethanol, 
and lactic, acetic, and formic acids were formed in much smaller amounts. 
In our experiments at pH 7.4 the amount of glycerol produced was less than 
1 per cent of the glucose utilized. Acetoin, 2,3-butanediol, lactic acid, 
and steam-volatile acids accounted practically quantitatively for all the 
glucose used. When glutamine was added, the products were qualitatively 
the same. However, much more acetoin and less volatile acids were found. 
This series of experiments was carried out at pH 7.4 and 6.0 in the manner 
previously described (Table II). 

A more complete picture of the course of the fermentation was obtained 
in an experiment in which glucose and cells were incubated with and with- 
out glutamine, and metabolic products, t.c. 2,3-butanediol, acetoin, and 
glucose, were determined at 30 minute intervals during the period of in- 
cubation (Fig. 3). During the early stages of fermentation 2 ,3-butanediol 
appeared, rose to a peak, and then decreased again coincident with the 
formation of acetoin, which reached a maximum after all the butanediol 
had disappeared. Lactic acid was determined 2 and 4 hours after initia- 
tion of incubation. It is evident that reduced products (lactic acid and 
2,3-butanediol) accumulated during the early stages of fermentation, and 
that they were practically all oxidized to acetoin and volatile acids by the 
end of 4 hours. Lactic acid and 2,3-butanediol most probably arose from 
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pyruvate by the action of diphosphopyridine nucleotide (DPN)-linked 
enzymes, the former by that of lactic dehydrogenase and the latter by that 
of butylene glycol dehydrogenase (18). 


Tasie Il 
Products of Glucose Metabolism with and without Glutamine 
| Experiment I Experiment II 

pmoles pmoles pmoles pmoles 
Glucose used ___. | 47 47 13.7 26.9 
Acetoin formed 15.2 25 7.2 19.9 
2,3-Butanediol _. 2 2.1 
Lactic acid... . 5 7 
Steam-volatile acids... 57 36.5 17.5 4.6 


Experimental conditions same as in Table I. Experiment I, pH 7.4; Experiment 
II, pH 6.0. 


MICROMOLES 
§ 


TIME ( MINUTES) 


Fic. 3. Effect of glutamine on the products of glucose metabolism; pH 7.4. Ex- 
perimental conditions the same as in Fig. 1. Unmarked curves are those for glucose 
shown in Fig. 1,a. A, lactic acid; O, acetoin; X, 2,3-butanediol; solid line, with- 
out glutamine; dash line, with glutamine. 


From these results it is difficult to determine whether glutamine acts by 
stimulating acetoin formation at the expense of pyruvate oxidation or by 
blocking pyruvate oxidation, since either mode of action would bring about 
a decrease in volatile acids and an increase in acetoin. Therefore a number 
of experiments were carried out with pyruvate as the substrate. 

Effect of Glutamine on Pyruvate Metabolism—Preliminary experiments 
carried out at pH 7.4 with pyruvate as substrate in lieu of glucose resulted 
in the almost complete conversion of pyruvate to acetoin with little or no 
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formation of steam-volatile acids. Since in other tissues the pH optimum 
for pyruvate oxidation has been found to be considerably more alkaline 
than that for acetoin formation (cf. (19)), the experiments were repeated at 
pH 8 and 8.2 (Table III). Under these conditions addition of glutamine 
stimulated the formation of acetoin and decreased the amount of steam- 
volatile acids. Neish et al. (17) have shown that, at alkaline pH, the pro- 
duction of formic acid is increased in fermentations of glucose by B. subtilis. 
It is probable that the steam-volatile acids in these experiments at pH 8 and 
8.2 represented formic acid as well as acetic acid, the former presumably 
also arising from oxidation of pyruvate. The effect of glutamine on py- 
ruvate metabolism was studied further by removing samples from the 
incubation mixture at 15 minute intervals and by determining residual 


Taste Ill 
Effect of Glutamine on Pyruvate Metabolism 
Experiment No. Glutamine Pyruvate used | Acetoin formed — Steam-volatile acids 
I | 10 86.8 43.7 | 0 
81.9 40 4 
II 10 49.4 24 3.5 
| 48 | 19 | 21.2 


Experiment I, potassium pyruvate 100 ymoles, pH 8.0; 640 mg. of cells (wet 
weight); total volume 4 ml., incubated 95 minutes; otherwise, same as in Table 
I. Experiment II, potassium pyruvate 50 wmoles, pH 8.2; 400 mg. of cells (wet 
weight); total volume 4 ml., incubated 70 minutes; otherwise, same as in Table I. 


pyruvate. The results plotted in Fig. 1, d reveal that addition of glutamine 
increased the rate of pyruvate disappearance as well as the formation of 
acetoin. The evidence thus indicates that glutamine and glutamic acid 
stimulate the dissimilation of pyruvate to acetoin. The difficulty in dem- 
onstrating the effect at pH 7.4 with pyruvate as substrate may have been 
due to the use of initial high levels of pyruvate and the high activity of the 
acetoin-forming system at this pH. There is also a possibility, as seen from 
Experiment I, Table III, that high concentrations of pyruvate inhibit the 
oxidation to volatile acids. Inasmuch as the saturating concentration of 
pyruvate for acetoin formation is much higher than for pyruvate oxidation 
(20), the comparatively slow generation of pyruvate from glucose would 
favor oxidation. 


DISCUSSION 


The addition of either glutamic acid or glutamine to washed suspensions 
of B. subtilis-metabolizing pyruvate causes an increased utilization of this 


890 GLUTAMINE, GLUTAMIC ACID, AND GLYCOLYSIS 


substrate and results in an increase of acetoin formation with a concomitant 
decrease of steam-volatile acids. The similar pattern observed with glu- 
cose as substrate can be interpreted as a reflection of the direct effect of 
glutamine or glutamic acid on pyruvate metabolism leading to an increase 
of acetoin. DeMoss et al. have previously observed that acetoin and other 
oxidized products stimulate glycolysis by Leuconostoc mesenteroides (21). 
Our experimental results indicate that, during the course of glucose fer- 
mentation, DPNH formed presumably during oxidation of triose phos- 
phate is mainly reoxidized by butylene glycol dehydrogenase and lactic 
dehydrogenase. The increase in acetoin brought about by the addition of 
glutamic acid or its amide increases the rate of reoxidation of DPNH while 
forming 2,3-butanediol. The decreased oxidation of pyruvate to acetate 
would presumably also result in a decreased rate of formation of DPNH 
(15). Thus the over-all effect is to increase the DPN-DPNH steady state 
ratio, resulting in a shifting of equilibrium of the oxidative step of glycoly- 
sis which is presumably rate-limiting. This in turn increases the rate of 
formation of pyruvate, which increases both the formation of acetoin and 
the formation of lactic acid. The latter system reinforces the effect since 
it also reoxidizes DPNH. In the latter stages of glycolysis when the glu- 
cose is practically gone, the reduced products, i.e. lactic acid and 2,3-bu- 
tanediol, are reoxidized, indicating that aerobic systems for reoxidizing 
DPNH do exist, but that they are insufficient for maintaining glycolysis 
at a maximal possible rate. Because of limited experimental material, 
only a tentative explanation can be offered for the low rate of glycolysis 
and the lack of stimulation by glutamic acid and glutamine under anaerobic 
conditions. The reduction of 1 mole of acetoin formed from 2 moles of 
pyruvate results in the reoxidation of only 1 mole of DPNH for every 2 
moles of pyruvate initially formed. The rate of anaerobic glycolysis would 
therefore be determined by how efficiently lactic dehydrogenase can com- 
pete for pyruvate with the acetoin-forming system. It is conceivable that 
in a system with a highly active acetoin-forming system, but with a lactic 
acid dehydrogenase of low activity, pyruvate can never accumulate in 
high enough concentrations for the action of glutamate (or glutamine) to 
take effect. 

Our findings suggest that glutamine and glutamic acid exert their stimu- 
latory effect upon the conversion of pyruvic acid to acetoin. It appears 
that the amino acids and not their metabolic products are the activating 
agents. 

Work with purified enzyme preparations may aid in clarifying the mech- 
anism of the observed stimulation of acetoin formation by glutamic acid 
and glutamine. 
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SUMMARY 


The rate of glycolysis and of pyruvate dissimilation by washed suspen- 


sions of Bacillus subtilis is increased by addition of either glutamine or 
glutamic acid. Analysis of the metabolic products reveals that the ad- 
dition of these amino acids increases the formation of acetoin and decreases 
the proportion of volatile acids. A tentative explanation of some of these 
findings is offered. 
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PROCEDURES FOR THE CHROMATOGRAPHIC DETER- 
MINATION OF AMINO ACIDS ON FOUR PER 
CENT CROSS-LINKED SULFONATED 
POLYSTYRENE RESINS 


By STANFORD MOORE anv WILLIAM H. STEIN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York 21, New York) 


(Received for publication, July 6, 1954) 


The present investigations are an extension of previous studies on the 
chromatography of amino acids on columns of ion exchange resins (1). 
The modifications that have been introduced include the use of a longer 
column, a resin with 4 per cent cross-linking (Dowex 50-X4 instead of 
Dowex 50-X8),!} and an eluent of continuously changing pH and ionic 
strength. The results obtained with this procedure when a synthetic 
mixture of 50 components is chromatographed are illustrated in Fig. 1. 
The use of a 150 cm. column and the elimination of stepwise increases in 
pH improve the resolving power of the system. The lower cross-linked 
resin gives satisfactorily sharp peaks with small peptides as well as with 
amino acids and permits mixtures of the two to be fractionated on the 
same column. The buffer of increasing ionic strength elutes the basic 
amino acids at pH 5. In this manner quantitative recoveries of practically 
all of the substances included in Fig. 1 are achieved in a single chromato- 
gram, and the separate column previously required for the basic amino 
acids (1) is not necessary. Modifications which have been made in the 


1 Since the publication of the paper on this subject in 1951 (1), the increased vari- 
ety of commercially available sulfonated polystyrene resins has led to more specific 
designations for the individual products. The resin used in the method previously 
described is Dowex 50-X8 (200 to 400 mesh), obtainable from Technical Service and 
Development, The Dow Chemical Company, Midland, Michigan. The resin should 
be screened by the user through a 200 mesh sieve (74 u openings), 8 inches in diameter, 
to remove any particles that exceed the size specified. When the resin in the sodium 
form is driven through the screen by a strong jet of tap water, a satisfactory com- 
mercial product should give more than a 50 per cent yield of ‘‘through 200 mesh’’ 
material. Chromatograms with the screened resin give elution curves which are 
superior to those published. The leucine-isoleucine and tyrosine-phenylalanine 
separations are complete, and the cystine peak is sharper. With these improve- 
ments, the Dowex 50-X8 procedure continues to be satisfactory for the determination 
of the amino acid composition of proteins. The increased resolving power of the 
present Dowex 50-X4 method becomes a primary advantage when more complex 
mixtures are analyzed. We are greatly indebted to Mr. R. M. Wheaton of The Dow 
Chemical Company for his continued interest in the production of the resins of 
different degrees of cross-linking required for the present investigations. 
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photometric ninhydrin method used for the analysis of the effluent frac- 
tions are described in the accompanying paper (2). Subsequent communi- 
cations outline the results obtained when the Dowex 50-X4 columns are 
employed for the determination of the ninhydrin-positive constituents of 
blood plasma (3), tissue extracts (4), and protein hydrolysates (5). 


Procedure (Cf. (1, 6, 7)) 


Preparation of Columns—Dowex 50-X4 (200 to 400 mesh) is washed with 
HCl and NaOH in the manner prescribed for Dowex 50-X8 (1), the settling 
time being increased from 3 to 1 hour. From 5 pounds of the commercial 
product a sufficient quantity of ‘‘through 200 mesh” resin! is usually ob- 
tained for the preparation of six or more 150 X 0.9 cm. columns. As 
explained later, a smaller sample of Dowex 50-X5 (200 to 400 mesh) simi- 
larly treated should be available to adjust the effective cross-linking of 
the sample, if necessary. 

The chromatograph tubes are 0.9 cm. in inner diameter and possess a 
height of 165 cm. above the sintered glass plate ((1) foot-note 1). It is 
preferable to specify that the sintered plate is to be sealed directly into 
the tube, thus eliminating the ground joint at the bottom of the column. 
This modification insures a grease-free tip and permits more even flow of 
the effluent. The tubes are enclosed in two connecting 750 mm. West 
type condenser jackets (Kimble No. 18003-A and C, jackets and caps) 
through which water is circulated from a constant temperature bath.? 

For the preparation of two 150 cm. columns, about 200 ml. of the settled 
sodium salt of the resin are washed on a Biichner funnel with 1 liter of 1 
N NaOH, a filter paper on top of the resin bed being used to avoid channel- 
ing, followed by the major part of 1 liter of 0.2 nN buffer at pH 5 (1:10 dilu- 
tion of the 2 nN buffer defined in Table I). The resin is stirred with the 
remaining buffer to give a suspension which, when settled, yields about 
equal volumes of supernatant solution and resin bed. No detergent or 
thiodiglycol is used in the buffer at this stage. The suspension, free from 
air bubbles (1), is used for pouring columns in sections 20 to 30 cm. in 
height, as described in the procedure for Dowex 50-X8. After each sec- 
tion has settled to constant height, the supernatant buffer may be con- 
veniently withdrawn by suction through Tygon tubing (% inch in outer 
diameter). If the final column exhibits a rate of flow less than 5 ml. per 


2 Adequate temperature control (+1°) has been obtained from a circulating pump 
(catalogue No. 4-603-S, American Instrument Company, Silver Spring, Maryland), 
mounted over an Elconap No. 9298A bath (Electric Heat Control Apparatus Com- 
pany, 507 Fifth Avenue, New York 17). More precise control is possible with an 
Aminco circulating water bath, No. 4-96 (American Instrument Company). It 
may be necessary to circulate tap water through a cooling coil in the bath for satis- 
factory operation at 30°. 
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Separation of amino acids and related compounds from a synthetie mix- 
The column of Dowex 50-X4 (150 X 0.9 em.) was 


Fig. 1. 


ture containing 50 components. 
operated with sodium acetate and citrate buffers at the temperatures indicated. 


The amino acids were each present in 0.05 to 0.20 mg. quantities. 


The effluent was 


collected in 1 ml. fractions, except in the range from cystathionine through leucine, 
in which 0.5 ml. fractions were collected. 
glutathione, which were not. included in the mixture, are indicated by dotted curves. 
The concentrations of hydroxylysine and ethanolamine were determined after re- 
The dotted base line at 600 and 725 effluent ml. indi- 
cates the positions at which there is a change in blank resulting from the elution of 
traces of NH; contained in the influent buffers. 
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hour under 15 cm. pressure,’ it is necessary to resuspend the resin in a 
graduated cylinder and remove the finest 10 per cent from the surface of 
the settled bed. Once the resin has been freed of excessively fine particles, 
the sample will continue to give satisfactory columns on repeated use. 
A 250 or 500 ml. separatory funnel, filled with 0.2 Nn NaOH (containing 
0.5 per cent BRIJ 35 solution‘), is attached to the column with about 3 
feet of Tygon tubing (B-44-3, } inch inner diameter) to the end of which is 
joined a glass U-tube passing through a micro rubber stopper ((6) p. 340). 
At least 100 ml. of the alkaline solution are passed through the column 


TABLE I 
Preparation of Buffers 
Acetic Sodium HCl 
Cc NaOH (97 Final 
Buffer acid: | | per cent) | acetates | (concen-| 
gm. gm. gm. gm. ml, 
pH 2.2 + 0.03,* 0.2 n Na citrate 105 42 80 5 
714 282 393 | 34f 
5.14 0.02,t2 citrate-| 3570 730 1600 4630 34§ 
acetate 


* Before use, add 5 ml. of BRIJ 35 solution (see foot-note 4) and 5 ml. of thiodi- 
glycol per liter. The thiodiglycol is obtained by redistilling Kromfax solvent (Car- 
bide and Carbon Chemicals Corporation, 30 East 42nd Street, New York 17) under 
reduced pressure (less than 1 mm.). 

t If adjustment of the pH is necessary, 5 ml. of concentrated HCl correspond to 
about 0.03 pH unit. 

t Before use, add 1 ml. of BRIJ 35 and 5 ml. of thiodiglycol per liter. 

§ Caution: Dissolve the citric acid in 15 liters of water and add the NaOH in small 
portions to avoid overheating. If adjustment of the pH is necessary, 70 ml. of 
glacial acetic acid or 40 gm. of NaOH correspond to about 0.03 pH unit. 


overnight at 15 to 20 cm. pressure. A day or so before the column is to be 
used, the NaOH solution above the resin in the tube and in the funnel is 
replaced by the buffer (pH 3.1 or 2.2) with which the column is to be equi- 
librated. The buffer (about 200 ml.) is driven through overnight until 
the pH of the effluent has reached that of the influent. The stop-cock 
of the funnel is closed to prevent further passage of buffer, which would, 
as explained later, increase the NH; blank from the column. For most 


3 See (1), foot-note3. The 0to30 em. gages are obtainable from the manufacturer 
of the pressure regulators. 

‘The solution is prepared by dissolving 50 gm. of BRIJ 35 (Atlas Powder Com- 
pany, Wilmington, Delaware) in 100 ml. of hot water. If the detergent, a poly- 
oxyethylene lauryl alcohol, does not remain fully in solution at room temperature, 
the amount of water should be increased to 150 ml. and 1.35 times the stated quan- 
tities of the solution used. 
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amino acid analyses, buffer at pH 3.1 is used in the preliminary equilibra- 
tion. When mixtures containing taurine and urea are analyzed, the col- 
umn is equilibrated initially at pH 2.2 in order to improve the separation 
of these two constituents (Fig. 1). 

Buffers—The three buffers required are defined in Table I and are pre- 
pared from reagent grade chemicals. The normalities refer to the con- 
centration of sodium. The two principal solutions are prepared in large 
Pyrex jars (Corning No. 870, 12 X 24 inches) calibrated for a volume of 
34 liters. For storage in a cold room at 4°, the buffers are drawn by re- 
duced pressure through sintered glass filters into 20 liter bottles equipped 
with glass siphons bearing 4 mm. bore stop-cocks. 

Operation of Columns—The solution to be chromatographed is adjusted 
to pH 2.0 to 2.5 (Hydrion paper), and a 1 to 5 ml. sample is added to the 
surface of the column with a bent tip pipette (1). It is essential that the 
sample be below pH 3 if the peaks on the effluent curve of the ensuing 
chromatogram are to be satisfactorily sharp. The sample is washed in 
with three 0.3 ml. aliquots of buffer of pH 2.2. The buffer of pH 3.1 is then 
added above the resin in the tube and to the separatory funnel. The buf- 
fer at pH 3.1 is employed in all cases after addition of the sample, whether 
the column has previously been equilibrated at pH 2.2 or 3.1.5 

In developing the details of the procedure, a synthetic test mixture of 
amino acids corresponding to a hydrolysate of serum albumin (7) was em- 
ployed. A sample solution containing 0.1 to 0.2 mg. of each component 
per ml. was prepared by adding 0.1 ml. of the 10 per cent solution of amino 
acids to 4 ml. of the buffer of pH 2.2. A 1 ml. aliquot of the resulting 
solution (about 2.5 mg. of total amino acids) was added to the column. 
The total load can be increased about 10-fold, if desired, without much loss 
in resolving power. More complex known mixtures were prepared by 
adding other constituents to the mixture of the common amino acids. _Lar- 
ger quantities of urea and creatinine were employed in view of their rela- 
tively low ninhydrin color yields. 

The column is mounted over a fraction collector,* and water at 30° + 


5’ Dowex 50 is not saturated with respect to Na* when the resin is in equilibrium 
with the buffer at pH 2.2. When the eluent is changed to a buffer at pH 3.1, Na* 
is retained and the effluent remains at the lower pH until about 120 ml. have passed 
through the column. Thus, although the hold-up volume of the resin bed is only 
about 35 ml., the first six compounds in Fig. 1 (through urea) are actually being 
chromatographed at pH 2.2. 

6 Drop-counting collectors (6) have been used, and the detergent content of the 
buffers (Table I) has been adjusted to compensate for changes in surface tension 
which occur as the molarity of the eluent increases. The 0.2 n buffer with 0.5 per 
cent BRIJ 35 gives the same drop size as does the 2 N buffer with 0.1 per cent of the 
detergent. The drop size remains constant to within 5 per cent (+0.1 ml. on a 2 ml. 
fraction) as the two eluents are mixed. 
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1° is circulated through the jacket. In most experiments, 2 ml. effluent 
fractions are collected at a maximal rate of 8 ml. per hour (12 ml. per hour 
per sq. em. cross-sectional area of the column). In some instances, 1.0 
or 0.5 ml. fractions were collected (Fig. 1) in order to improve the resolu- 
tion when complex mixtures were chromatographed. No precautions are 
required for deaeration of the buffers, nor is protection from air by an oil 
layer (1) necessary unless air pressures in excess of 25 cm. of mercury are 
used to force the buffers through the column. 

After the emergence of serine (at 210 ml. in Fig. 1) the temperature of 
the water circulating through the jacket is raised to 50°. At an effluent 
volume corresponding to twice that of the maximum of the aspartic acid 
peak, the gradual increase in the pH and ionic strength of the influent is 
begun. For this purpose, a mixing chamber prepared from a 500 ml. ground 
joint wash bottle (Corning No. 1660) containing a 1} inch plastic-covered 
stirring bar is mounted over a magnetic stirrer. The outlet of the bottle 
is connected to the top of the column by } inch Tygon tubing in the manner 
described for the separatory funnels. The inlet is cut or bent to permit a 
vertical connection to be made with a 500 ml. separatory funnel. The tip 
of the funnel is drawn down and the funnel and wash bottle are connected 
by a 3 inch segment of } inch inner diameter Tygon tubing in which is en- 
closed a 13 inch length of closely fitting capillary tubing (1 mm. bore, 6 
mm. outer diameter). The capillary serves to minimize flow of the less 
dense buffer into the upper reservoir. 

In assembling the apparatus, the lower chamber is first filled to the neck 
with buffer of pH 3.1. The upper part of the ground joint is inserted, well 
greased, and is held securely by springs or rubber bands. Filling of the 
lower chamber is completed by adding buffer of pH 3.1 through the sepa- 
ratory funnel. For this purpose, the Tygon outlet tube is clamped off. 
With the stop-cock open, suction is applied to the top of the funnel to with- 
draw air from the lower chamber. Release of the suction allows the buffer 
to flow into the lower chamber and this process is repeated until the air is 
completely removed from the flask.’?, The excess buffer is drawn off through 
the outlet tube until the level reaches the stop-cock of the separatory fun- 
nel. The stop-cock is then closed and the funnel is filled with the 2 n buf- 
fer of pH 5.1. The assembly is mounted a few feet from the top of the 
chromatograph tube. The buffer of pH 3.1 remaining above the resin 
surface in the chromatograph tube is not removed at the time the mixer is 


7 Since the columns are operated under pressure applied to the top of the separa- 
tory funnel of the mixer, it is essential to have the mixing chamber completely filled 
with liquid in order to be certain that buffer enters the mixing chamber at the same 
rate that the eluent leaves it, irrespective of changes in the pressure applied to the 
system. 
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attached to the column. The stop-cock of the separatory funnel is firmly 
clamped in position before air pressure is applied. 

In order to separate tryptophan from arginine, a final increase of temper- 
ature to 75° is made after the emergence of histidine (700 ml. in Fig. 1).* 

The resin is removed from a used column by inverting the tube over a 
filter flask attached to a water pump. The flow of resin is facilitated by 
the repeated addition of a few ml. of water through the sintered plate, thus 
preventing the top section of the descending column of resin from running 
dry. After the prescribed washing on a Biichner funnel with NaOH and 
buffer, the resin is employed for pouring a new column, through which 0.2 
n NaOH must be passed before use. The Dowex 50-X4 columns cannot be 
reused directly because of the shrinkage of the resin bed which occurs as 
the molarity of the eluting buffer is increased. Ion exchange columns 
which have been subjected to marked shrinking or swelling give inferior 
separations and need to be poured again. 

If the chromatographic analysis has been performed only for those amino 
acids which emerge with the 0.2 N buffer of pH 3.1, the columns may be 
regenerated with 0.2 nN NaOH in the manner described for the Dowex 50- 
X8 procedure (1) and reused. 

Analysis of Effluent Fractions—The concentrations of the amino acids 
in the effluent fractions are determined photometrically by the modified 
ninhydrin reagent described in the following paper (2). Since the modified 
reagent is strongly buffered, only 1 ml. is needed per effluent fraction (0.5 
to 2.0 ml.) and no prior neutralization of the samples is required. The 
blank or base-line tubes against which the peak tubes are read may usually 
be chosen from tubes before or after the peak. Inthe case of methionine, 
isoleucine, and leucine, the blank should be chosen from fractions emerging 
after the leucine peak, since in this region there is a measurable rise in the 
blank reading as the effluent changes from pH 3 to 5. In the vicinity of 
the ammonia and histidine peaks, traces of ammonia accumulated by the 
resin from the influent buffers begin to emerge ahead of the ammonia peak 
and cause an elevated blank reading (a plateau of about 0.2 optical density 
unit), which returns to a lower value at about 700 effluent ml. The blank 
for the determination of NH; should, therefore, be taken after the NH; 
peak, either before or after lysine. The histidine recovery should be based 
on a blank reading taken before the emergence of the histidine peak. The 


8 In order to schedule the changes in temperatures and buffers for convenient 
times, the columns are usually started on a Friday at an initial flow rate of 3 ml. 
per hour so that the time for the change of temperature to 50° will fall on Monday. 
The rate is then increased to 6 ml. per hour to permit the mounting of the mixing 
chamber on the following day, and the experiment is carried to completion at a rate 
of about 8 ml. per hour. 
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dotted sections of the base-line in Fig. 1 indicate the points at which these 
variations in blank readings occur. The NH; and histidine determinations 
by the present method are, therefore, less precise than are the analyses for 
most of the other compounds studied. 


TaBLe II 
Recoveries of Amino Acids from Synthetic Miztures 
The mixture (cf. (6)) was chromatographed on Dowex 50-X4 in the manner indi- 
cated in Fig. 1. The effluent was collected in 2 ml. fractions throughout each chro- 
matogram. Approximately 2.5 mg. of the mixture of amino acids were employed 
for each analysis, corresponding to 0.1 to 0.2 mg. per component. 


Per cent recovery 
Amino acid 
Average 
99 99 98 99 
103 102 99 101 
100 100 99 100 
99 100 102 100 
91 90 90 90 
97 96 97 97 
Tyrosine......... 102 100 99 100 
104 105 107 105 
SEEN 100 98 97 98 


* Since the recoveries of methionine are reproducibly low, presumably as a result 
of oxidation (see the text), values for this amino acid obtained in the analysis of 
unknown mixtures are divided by 0.90. 

tT In the analyses for histidine, the base-line was taken after lysine. Traces of 
NH; which contribute to the blank reading in this range were not removed. 


Quantitative Analysis of Synthetic Mizxtures—The recoveries obtained 
when mixtures of the eighteen most common constituents of protein hy- 
drolysates were analyzed are summarized in Table II. In general, the 
recoveries were within 3 per cent of theory, except for methionine. The 
low recovery of 90 per cent in this case is constant, however, and probably 
may be attributed to a reproducible amount of oxidation of the methionine 
sulfur as a result of lack of complete protection by the thiodiglycol in the 
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eluents. When unknown mixtures are analyzed, the values for methi- 
onine are divided by 0.9 to correct for losses during chromatography. 

Detailed studies of the purity of the individual samples of the additional 
compounds included in the analysis shown in Fig. 1 were not undertaken 
in all cases. The recoveries were usually within 10 per cent of theory. 
An important exception is glutamine, which is unstable under the condi- 
tions of pH and temperature prevailing during the chromatography. The 
recovery is about 25 per cent at the customary flow rate* and about 50 
per cent if the column is operated at 8 ml. per hour from the start. Tryp- 
tophan is also labile and is recovered in yields of 40 to 60 per cent.° 

In an attempt to determine as many as 50 compounds in one chromato- 
graphic analysis,'!° a few overlapping zones are to be expected. The sys- 
tem used for Fig. 1 is designed to limit the overlaps which do occur to those 
which can, if desired, be resolved fairly readily. For example, to determine 
the approximate quantities of asparagine and glutamine emerging with 
sarcosine, 1 ml. fractions are collected in this region and the even tubes are 
analyzed as usual. The combined odd fractions (about 8 ml.), correspond- 
ing to about half of the ninhydrin-positive material in the peak, are made 
alkaline (pH 12) with 1.5 to 2.5 ml. of 2 N NaOH and concentrated to 2 to 
3 ml. in a rotary evaporator (10), with addition of octyl alcohol, or in an 
evaporating dish. The amides are hydrolyzed by heating the solution for 
3 hours in a boiling water bath. The cooled solution is brought to pH 2 
(Hydrion paper) with 2 N HCl and stored at —20°. The resulting aspartic 
and glutamic acids are determined by chromatography on a 50 cm. column 
of Dowex 50-X4 at 30°, with buffer of pH 3.1 as eluent."" The recoveries 
of aspartic and glutamic acids correspond to 100 + 15 per cent of the quan- 
tities of the amides present in the combined peak, the glutamine in the 
peak representing only one-quarter to one-half of that applied to the col- 
umn, as noted above. 


° Tryptophan can be recovered quantitatively from 30 em. starch columns oper- 
ated with 0.1 nN HCl (7) or, with less selectivity, from 15 em. columns of Dowex 50-X8 
(1). The accuracy of the analysis is then limited by the losses of tryptophan which 
may occur in the course of the preparation of samples for analysis, either during the 
hydrolysis of proteins or in the deproteinization of blood or tissues. 

10 We are indebted to Mr. R. G. Westall for a sample of felinine (8), Dr. T. 8. 
Work for phosphoethanolamine, Dr. EF. Baer for a-glycerophosphoethanolamine, 
Dr. C. H. de Verdier for phosphoserine, and Dr. T. F. Lavine for the L-methionine-d- 
and /-sulfoxides, as well as to those who have generously contributed a number of 
research samples previously mentioned (9). 

‘| Hippuric acid emerges slightly to the right of the asparagine-glutamine peak. 
To estimate the recovery of glutamine in the presence of hippuric acid, it may be 
necessary to use a 100 cm. column for the rechromatography in order to provide 
adequate separation of the glutamic acid and the glycine in the hydrolysate. Sareo- 
sine is best determined on acid hydrolysates of the original material (4). 
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To resolve the citrulline-felinine-glycine overlap, pooled alternate 1 ml. 
fractions (about 9 ml.) are concentrated to 3 ml., brought to pH 2, and re- 
chromatographed on a 100 cm. column of Dowex 50-X8 at pH 3.42 and 
37° (1). Citrulline and glycine emerge at the specified positions (1), and 
the felinine peak is nearly centered between them. Citrulline can be 
determined directly on Dowex 50-X4 at pH 3.1 if the column is operated at 
50° from the beginning of the experiment. The amino acid emerges at 
about 210 ml., just ahead of glycine. The same chromatogram provides a 
determination of methionine sulfone, which emerges between aspartic 
acid and threonine. The sulfone moves with serine under the conditions 
given for Fig. 1. At the higher temperature of 50°, however, the separa- 
tion of serine and threonine and of proline and glutamic acid is inadequate. 

To obtain approximate values for ethanolamine or hydroxylysine, both 
of which emerge with ammonia, alternate 2 ml. fractions may be analyzed 
to locate the peak. To the odd tubes, the requisite number of drops of 2 
N NaOH (about 0.55 ml.) are added from a burette'® to render each fraction 
alkaline (pH 10 to 12). The tubes are placed in a circular rack in a vacuum 
desiccator attached to a water aspirator overnight to remove NH3.4% The 
samples are brought back to pH 5 by the addition of the same quantity of 
2 N HC! (relatively NH;-free). After analysis by the ninhydrin method, 
a small correction can be made for the net increase of about 0.5 ml. in the 
sample volume. The quantity determined by the analysis of the alternate 
fractions is doubled to give an approximate value for ethanolamine. It is 
necessary to apply a correction of about 25 per cent for the loss of ethanola- 
mine that occurs while the tubes are exposed to reduced pressure over- 
night. Hydroxylysine gives rise to a peak slightly to the left of ethanola- 
mine (Fig. 1). 

Anserine and carnosine can be determined by rechromatographing an 
acid hydrolysate of a sample from the combined zone. The determination 
of glucosamine and galactosamine on Dowex 50-X8 columns has been 
studied by Gardell (14) and by Eastoe (15). 

Acid hydrolysis of materials containing carbohydrate yields decomposi- 
tion products which react with ninhydrin to give a red color and emerge 


The isomeric L-methionine-d- and /-sulfoxides are separated on the Dowex 
50-X4 columns (Fig. 1), as are the L or p and meso forms of cystine (5). The behav- 
ior of the normal and allo forms of threonine, isoleucine, hydroxylysine, and hy- 
droxyproline have been studied on Dowex 50-X8 (11-13). 

18 Teflon glass needle valve burette, catalogue No. G-3117, Emil Greiner Company, 
20 North Moore Street, New York 13. 

'* A similar procedure can be used, if desired, to remove the NH; contributing to 
the blank readings in the range of histidine and lysine. The color yields of the amino 
acids should be checked under the same conditions. 3 hours evacuation with a water 
pump are adequate for the removal of small amounts of NH;3. 
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ahead of aspartic acid on Dowex 50-X8 columns (Schram eé al. (16), Dustin 
et al. (17)). In Fig. 1 the corresponding peak appears between taurine 
and urea, at 90 ml. 

Variations in Resins—Since it is important that an analytical procedure 
shall be as duplicable as possible, detailed studies have been made of the 
chromatographic performance of different commercial samples of sulfo- 
nated polystyrenes prepared with about 4 per cent divinylbenzene in the 
polymerization mixture. Material that passed a 200 mesh screen was 
used in every case. 

It has been found that different manufactured lots of Dowex 50-X4 do 
not give exactly the same chromatographic performance.'® The separa- 
tions obtainable with Dowex 50-X4 seem to be more sensitive to the nor- 
mal variations in the degree of cross-linking of the resin than is the case with 
Dowex 50-X8. Frequently, the differences in the resin can be compensated 
for adequately by small changes in such operating conditions as pH and 
temperature. Particularly is this the case when the mixture to be frac- 
tionated consists only of the eighteen most common amino acids, the rela- 
tive positions of some of which are altered very readily. Aspartic and 
glutamic acids, for example, are preferentially retarded (Fig. 1) by a change 
to pH 3.0, or accelerated by an increase in pH. Proline can be placed 
further to the left of glutamic acid by a delay of 10 or 20 ml. in the position 
on the effluent curve at which the temperature is raised to 50°, while the ty- 
rosine-phenylalanine separation can be improved by the use of a higher tem- 
perature (e.g., 55°).'® With more complex mixtures, however, no amount 
of alteration of the operating conditions will permit the pattern shown in 
Fig. 1 to be reproduced exactly if the resin has a different degree of effective 
cross-linking. Clearly, it would be desirable to devise a procedure in which 
the operating conditions could be kept constant and the resin adjusted so 
as to duplicate the results shown in Fig. 1. It has been found possible to 
do this by blending two resins of slightly different degrees of cross-linking. 
A synthetic mixture of the eighteen most common amino acids is first an- 
alyzed with a given sample of Dowex 50-X4 by the prescribed system. 
If the tyrosine-phenylalanine separation is marginal and histidine almost 
overlaps lysine, the resin is of slightly lower effective cross-linking than that 
employed in the experiment illustrated in Fig. 1. A duplicate experiment 


16 Similarly, Boyd and Soldano (18) have observed variations in the physical 
properties of different samples of the resins. 

‘6 The rate of movement of creatinine is very sensitive to slight changes in operat - 
ing conditions, being accelerated markedly relative to histidine by a small increase 
of pH. Hence when urine (2 ml., sp. gr. 1.02) is being analyzed (cf. (9)), the pH of 
a newly prepared lot of buffer may have to be altered slightly on the basis of a test 
chromatogram performed with a known mixture of amino acids to which 3 mg. of 
creatinine have been added. 
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is then carried out with a sample of Dowex 50-X5. From the distances 
between the tyrosine and phenylalanine and the lysine and histidine 
peaks in the two experiments, linear interpolation can predict the per- 
centage composition of a mixture which should give the picture shown in 
Fig. 1. On the basis of current samples, the resin used for the present 
experiments corresponds to a ‘“‘nominal”’ 4.2 per cent cross-linked Dowex 
50. 
When recent samples of Dowex 50-X4 have required adjustment, ad- 
mixture with Dowex 50-X5 has been necessary, and there has not been a 
need for a Dowex 50-X3. Final adjustment of the composition of the 
mixture can be made after a test run with a given mixture of the X4 and 
X5 resins. So far as we have observed, blended samples of the resin give 
reproducible results indefinitely when used over again. The resin sus- 
pension should be stirred thoroughly each time columns are poured. With 
a given resin-buffer system and a column 0.90 cm. in diameter, the absolute 
positions of the peaks are reproducible to within a few per cent, and the 
relative positions of adjacent peaks are practically identical in successive 
chromatograms." 

The user can thus adjust the properties of synthetic sulfonated poly- 
styrene resins to meet a specific chromatographic requirement. ‘The chro- 
matograms described in the following papers (3-5) have been carried out 
interchangeably on different lots of Dowex 50-X4, to some of which as 
much as 35 per cent Dowex 50-X5 had been added. 


DISCUSSION 


Eluents of continuously changing composition provided by the use of 
mixing chambers have been employed previously to elute proteins from 
cellulose (Mitchell, Gordon, and Haskins (20)), carbohydrates from char- 
coal (Alm, Williams, and Tiselius (21)), and organic acids from silica gel 
and Dowex 1 (Donaldson, Tulane, and Marshall (22), Busch, Hurlbert, 
and Potter (23)). For the present experiments, the procedure has the 
advantage that it eliminates the loss of resolving power which occurs im- 
mediately after stepwise changes in the composition of the eluent (cf. (1), 
for example). The chromatograms are also more convenient to operate, 
since frequent changes of the buffer do not have to be made by hand at 
stipulated times. The theoretical advantage, pointed out by Alm, Wil- 
liams, and Tiselius (21), that tailing peaks are sharpened by a continuously 
changing eluent, does not particularly apply in the present studies, since 


17 Paper chromatography can be utilized as an aid in the identification of sub- 
stances emerging from ion exchange columns at a given position. Samples from the 
zones must first be desalted by ion exchange (3, 9, 19). 
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the adsorption isotherms of amino acids on Dowex 50 are essentially linear 
and symmetrical peaks are obtained without the use of a changing elu- 
ent. 

The rate at which the composition of the eluent is altered in the present 
method was chosen to accomplish the separation of most of the amino acids 
in a single chromatogram of 1 week’s duration. The pH changes more 
rapidly than is optimal for the resolution of the amino acids emerging be- 
tween cystine and hydroxylysine (Fig. 1). A more gradual change could 
be made either by using a 1 N buffer at pH 5 with the same size mixing 
chamber (550 ml.) or by using a 1 liter mixing chamber with the same 2 N 
buffer. From the volume of the mixing chamber, the approximate com- 
position of the eluent at any given effluent volume can be calculated in 
terms of the relative quantities of 0.2 N buffer of pH 3.1 and 2 n buffer of 
pH 5.1 (21, 22, 24). In the experiments shown in Fig. 1 the ratio of the 
two buffers is about 85:15 at the point of emergence of leucine and 70:30, 
55:45, and 35:65 at the respective positions of phenylalanine, lysine, and 
arginine. 

The use of a buffer at pH 5 possessing a higher ionic strength has made 
it possible to elute the basic amino acids quantitatively from 150 em. col- 
umns of Dowex 50-X4, a result not possible when 0.2 N buffers at alkaline 
pH were employed with 100 cm. columns of Dowex 50-X8 (1). To obtain 
satisfactory recoveries of histidine, the prescribed washing of the poured 
column with 0.2 Nn NaOH is essential. The presence of Versene in the 
buffers (1) is not necessary. If analysis for the basic amino acids is the 
main objective, a 50 em. column of Dowex 50-X4 may be employed. A 
0.5 N buffer at pH 5 is used initially as eluent. After 150 ml., a 2 N buffer 
at the same pH is added to the 0.2 nN buffer in a 250 ml. mixing chamber. 
Under these conditions, the resolution of all the substances emerging after 
y-aminobutyric acid in Fig. 1 is superior to that obtained previously (1) 
with the 15 em. columns of Dowex 50-X8. 

When tetrapeptides are chromatographed, the 8 per cent cross-linked 
resin may give unsatisfactorily broad peaks on the effluent curve (1). Dow- 
mont and Fruton (25) have shown Dowex 50-X4 to be suitable for the chro- 
matography of a series of closely related synthetic peptides studied in con- 
nection with papain-catalyzed transamidation reactions. In the present 
studies, the peak given by a hexapeptide (oxidized glutathione) is as sharp 
as those obtained from amino acids (Fig. 1). From investigations now 
under way on the products of the enzymatic hydrolysis of proteins, it ap- 
pears that Dowex 50-X4 gives satisfactory peaks with peptides containing 
up to 8 or 10 amino acid residues, while Dowex 50-X2 is preferable for 
larger peptides. 
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The authors wish to acknowledge the technical assistance of Mrs. Ger- 
trude C. Carey and Miss Renate Mikk in the performance of these exper- 
iments. 


SUMMARY 


A procedure has been developed for the chromatographic separation of 
ninhydrin-positive compounds on 150 X 0.9 cm. columns of 4 per cent 
cross-linked sulfonated polystyrene (Dowex 50-X4). The method permits 
the recovery of most amino acids within 3 per cent of theory in a single 
chromatogram at pH 3.1 to 5.1 by elution with sodium acetate-citrate 
buffers of gradually increasing pH and ionic strength. The use of a resin 
of lower cross-linking than that of the Dowex 50-X8 employed in the pre- 
vious studies renders the columns applicable to the separation of peptides 
as well as amino acids. The added resolving power of the current pro- 
cedure facilitates the application of the technique to studies on the amino 
acids and related compounds of blood plasma and tissue extracts, as well 
as to the determination of the amino acid composition of proteins. 
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A MODIFIED NINHYDRIN REAGENT FOR THE 
PHOTOMETRIC DETERMINATION OF AMINO 
ACIDS AND RELATED COMPOUNDS 


By STANFORD MOORE anp WILLIAM H. STEIN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York 21, New York) 


(Received for publication, July 6, 1954) 


The photometric ninhydrin method described previously (1) for use in 
the chromatography of amino acids has been the subject of further study 
during the development of the Dowex 50-X4 procedure (2). The adjust- 
ment of the pH of the effluent fractions prior to analysis required by the 
earlier method has been largely eliminated by increasing the strength of 
the buffer in the reagent 5-fold. A second modification involves the elimi- 
nation of the stannous chloride which was previously added to form re- 
duced ninhydrin (hydrindantin) in the reagent solution. Hydrindantin 
itself is now added directly, and this change avoids the precipitation of tin 
salts which occurs when the previous reagent is used to analyze samples 
of the phosphate buffers frequently employed in the chromatography of 
proteins (3). The effective concentration of hydrindantin has been raised 
to 0.3 per cent. As a result, the antioxidant effect of 1 ml. of the modified 
reagent is sufficient to prevent interference from the dissolved oxygen in a 
2 ml. sample submitted to analysis. With 1 ml. fractions, 0.5 ml. of the 
ninhydrin reagent is adequate. The quantity of reagent required is thus 
reduced to one-half or one-quarter the amount formerly recommended (1). 

Troll and Cannan (4) have recently described conditions under which the 
yield of blue color (diketohydrindylidenediketohydrindamine) in the re- 
action of ninhydrin with amino acids is raised to 100 per cent of theory in 
most cases. For this purpose, the reaction is performed in a predominantly 
organic solvent (phenol-pyridine-alcohol) having a maximal water content 
of about 20 per cent. ‘The method, when applicable, has the fundamental 
advantage of giving maximal color yields. The present procedure, in 
which the reproducible color yield from leucine is 95 per cent of theory, 
appears to be more convenient for the analysis of the aqueous effluent frac- 
tions obtained in ion exchange chromatography. 


Reagents 


Ninhydrin—Several commercial sources provide ninhydrin sufficiently 
pure to be used without recrystallization (1). The reagent employed in 
this study was purchased from Dougherty Chemicals, 87-34 134th Street, 
Richmond Hill 18, New York. 
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Hydrindantin—The compound was prepared by the reduction of ninhy- 
drin with ascorbic acid (cf. Abderhalden (5), West and Rinehart (6)). 
To 80 gm. of ninhydrin in 2 liters of water at 90°, add with stirring a solu- 
tion of 80 gm. of ascorbic acid (Merck) in 400 ml. of water at 40°. Crys- 
tallization of hydrindantin starts immediately and is allowed to proceed 
for 30 minutes without further heating. During the next hour the solu- 
tion is cooled to room temperature under running tap water. The 
hydrindantin is filtered off, washed well with water, and dried to constant 
weight over P.O; in a vacuum desiccator protected from light. Yield, 75 
gm. The compound should be stored in dark glass. The crystallization 
is carried out rapidly to give small crystals which will dissolve readily 
in methyl Cellosolve. The use of the anhydrous form rather than the 
air-dried dihydrate also increases the rate of solution in the organic sol- 
vent. (Hydrindantin thus prepared is available from Dougherty Chemi- 
cals.) 

4n Sodium Acetate Buffer (pH 5.5)—To 2 liters of water, add 2720 gm. 
of NaOAc-3H.0 (reagent grade) and stir on a steam or water bath until 
solution is complete. Cool to room temperature, add 500 ml. of glacial 
acetic acid, and make up to a volume of 5 liters. The solution (undiluted) 
should be at pH 5.51 + 0.03. If final adjustment of the pH is necessary, 
5 gm. of NaOH correspond to about 0.04 pH unit. The buffer can be 
stored at 4° without a preservative. 

Reagent Solution—Dissolve 20 gm. of ninhydrin and 3 gm. of hydrindan- 
tin in 750 ml. of methyl Cellosolve.! The stirring should not incorporate 
air bubbles into the solution. Add 250 ml. of the buffer of pH 5.5 and im- 
mediately transfer the resulting reddish reagent solution to a 1 liter dark 
glass reservoir bottle arranged to permit the solution to be stored under ni- 
trogen, as previously described (1).2, The second and third bottles of the 
storage assembly are of 2 litersize. The 250 ml. dropping funnel used be- 
fore (1) has been replaced by an inlet tube bearing a 6 mm. bore stop-cock 
and a small semiball joint, normally closed by a corresponding stopper. 
In refilling the reservoir, a bent glass tube reaching to the bottom of a 
beaker of the reagent is attached to the inlet tube through the ground joint 
connection. Slight air pressure is then applied to the third bottle to drive 


1 The solvent (monomethy] ether of ethylene glycol) is obtainable from the manu- 
facturer (Carbide and Carbon Chemicals Corporation, 30 East 42nd Street, New York 
17) or supplier (e.g., Amend Drug and Chemical Company, 117 East 24th Street, New 
York 10) relatively free from peroxides. Each lot is tested for peroxide content by 
adding 2 ml. of the solvent to 1 ml. of freshly prepared 4 per cent aqueous KI. A 
colorless to light straw-yellow test is satisfactory. 

2 Evaporation from the concentrated salt solution may cause crystallization of so- 
dium acetate on the syringe of the pipetting machine (1). The exposed section of the 
plunger should be wiped free of any appreciable deposit to prevent strain on the syr- 
inge assembly. 
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reagent remaining in the reservoir into the filling tube and to displace the 
air therein. The air pressure is replaced by suction to draw the reagent 
solution into the reservoir. Care should be taken not to introduce air into 
the assembly at the end of the filling operation. 

The solution is not as stable on storage as the previous reagent. After 
1 month, the blank readings have about doubled, and, unless the bottle 
has been stored in the dark, the color yields can run low by as much as 5 
per cent. For this reason, not much more than a 1 week’s supply of re- 
agent should be prepared at a given time. 


Procedure (Cf. (1)) 


For the analysis of 1 ml. or 2 ml. effluent fractions from ion exchange 
chromatograms (2), 1 ml. of the ninhydrin solution is used. The buffer is 
sufficiently strong so that preliminary adjustment of the pH of the samples 
is seldom necessary. If, however, more than 1 ml. of 0.1 N HCl or 0.1 N 
NaOH should be required to bring the effluent fractions to pH 4 to 6, ad- 
dition of acid or alkali may be necessary to bring the pH of the samples 
to the optimum for color development. The capped tubes are shaken 
briefly (< 10 seconds) by hand or on a reciprocal shaker (1) and are heated 


for 15 minutes (accurately timed) in a covered boiling water bath (1). It 


is convenient to use 50:50 ethanol-water as a diluent rather than n-pro- 
panol-water (1). After dilution, the tubes (kept out of direct sunlight) 
are wiped dry and transferred to a dry rack, cooled to below 30° in front 
of an electric fan, and thoroughly shaken (about 30 seconds) before being 
read at 570 my (440 my for proline and hydroxyproline). Because the 
modified reagent contains a higher concentration of hydrindantin, more of 
the reddish color of this compound remains at the end of the heating period. 
In order to reduce the blank to the desired level, therefore, the tubes should 
be shaken sufficiently so that the major portion of the residual hydrindan- 
tin is oxidized by air. For this reason, the tubes are shaken uniformly in a 
rack, rather than individually. With the modified reagent, the blank read- 
ings for 2 ml. samples and 1 ml. of ninhydrin solution have been 0.05 to 0.10 
on the optical density scale. If there is evidence that high blank readings 
are being caused by uptake of NH; during the period that the tubes are 
standing on the fraction collector, the cover of the machine should be lined 
with cloth impregnated with citric acid (7). If effluent fractions are 
stored prior to analysis, they should be stoppered with corks treated with 
citric acid (7) and wrapped in aluminum foil. 

The absence of tin salts in the reagent solution not only avoids the pre- 
cipitation of tin phosphate when samples containing phosphate are ana- 


31f ammonia interferes, it can be removed by rendering the samples alkaline and 
placing the tubes in a vacuum desiccator for a few hours before the ninhydrin analy- 
ses (2). 
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lyzed, but also eliminates the relatively insoluble deposit which was formed 
on the inner walls of the photometer tubes (1) with the previous reagent. 
As a result, the heating or brushing with detergent solution formerly re- 
quired to clean the tubes is no longer necessary. After use, the tubes are 
rinsed once with tap water, three times with distilled water, and oven- 
dried. In an occasional chromatogram, a peak may be encountered that 
contains enough ninhydrin-positive material to cause precipitation of the 
colored reaction product. To clean tubes containing such a precipitate, 
brushing with a detergent solution is required. 


Calculations 


A standard curve is plotted in the manner previously described (1) by 
utilizing 1 ml. samples of leucine (0.05 to 0.2 mm) in 0.1 M citrate buffer 
at pH 5. For use with chromatograms, two direct reading tables are pre- 
pared in the format of Table I previously given (1), one for 1 ml. samples 
and 1 ml. of ninhydrin solution, and the second for 2 ml. samples and 1 ml. 
of the reagent. It is convenient to have twice the millimolar concentra- 
tions listed in the table for the 2 ml. samples. In this way both tables 
yield micromoles of amino acid directly, without the use of factors ((1) Table 
V), when the values corresponding to the points of a given peak on an ef- 
fluent curve are added. Fractions that are off the scale of the table (above 
an optical density of 1.0 after dilution with 15 ml. of diluent) must be 
diluted further by hand before being read. The values taken from the 
final column of the table must then, of course, be multiplied by the appro- 
priate dilution factor. When samples require neutralization or, in pre- 
parative chromatography, when aliquots from larger fractions are pipetted 
(1),‘ direct reading tables can be prepared for the special case, or appropriate 
volume corrections can be applied to the values read from a table for a 
different fraction size. In computing the volume corrections, no factor is 
required for the negligible loss by evaporation which occurs during the 
heating of the aqueous samples (1). 

The color yields obtained with a number of ninhydrin-positive substances 
likely to be encountered in biological systems are listed in Table I. The 
values, as well as the color yields from peptides and proteins, are similar in 
most cases to those obtained with the previous reagent (1, 3). The yields 
were determined on 2 ml. samples of the compounds dissolved in the buffers 
in which they emerge from columns of Dowex 50-X4 in the current chro- 
matographic procedure (2). Although the color yields are reproducible 
to +2 per cent in a given laboratory, the exact values should be checked 
under the user’s experimental conditions if maximal accuracy is desired. 


4 Transfer pipettes No. 283-R, Microchemical Specialties Company, 1834 Univer- 
sity Avenue, Berkeley 3, California. 
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The molecular weight divided by the color yield provides the factor by 
which the chromatographic results (expressed in leucine equivalents in 
micromoles) should be multiplied to give micrograms of the substance in 


TABLE I 


Color Yields from Amino Acids and Related Compounds on Molar Basis Relative to 
Leucine 
Determined on 2 ml. samples of 0.1 mm solutions in the buffers (pH 2.2 to 5) in 
which the compounds emerge in the Dowex 50-X4 chromatographic procedure (2); 
heating time 15 minutes; read at 570 mu. (The urea and creatinine were 3.0 mM.) 


Compound Color yield Compound Color yield 
Aspartic acid 0.94 B-NH:-isobutyric acid 0.44 
Threonine 0.94 Carnosine 0.93 
Serine 0.95 Citrulline 1.04 
Proline (440 my) 0.225* | Creatinine 0.027 
Glutamic acid 0.99 Cysteic acid 0.99 
Glycine 0.95 Diaminopimelic acid (per 1.24 
Alanine 0.97 2 NH: groups) 
Valine 0.97 Ethanolamine 0.91 
Half cystine 0.55 Felinine 0.95 
Methionine 1.02 Glutamine 0.99 
Isoleucine 1.00 Glucosamine 1.03 
Leucine 1.00 Glutathione (oxidized, half) 0.93 
Tyrosine 1.00 Glycerophosphoethanol- 0.50 
Phenylalanine 1.00 amine 
Ammonia 0.97 Hydroxylysine 1.12 
Lysine 1.10 Hydroxyproline (440 my) 0.077* 
Histidine 1.02 Methionine sulfone 1.02 
Tryptophan 0.94 ” sulfoxide 0.98 
Arginine 1.01 1-Methylhistidine 0.88 
a-NH>»-adipic acid 0.96 3-Methylhistidine 0.86 
8-Alanine 0.50 Ornithine 1.12 
Anserine 0.78 Phosphoethanolamine 0.43 
Asparagine 0.95 Sarcosine 0.28 
a-NH.-n-butyric acid 1.02 Taurine 0.88 
y-NH.-butyric acid 1.01 Urea 0.0314 


* The readings taken at 440 my are first converted to ‘‘leucine equivalents’”’ by 
using the same conversion table that is employed for the other amino acids meas- 
ured at 570 my, and the concentrations of the imino acids are subsequently obtained 
by dividing by the above color yields. 


question. Each of the first eighteen amino acids (Table I) was checked for 
purity by elementary analysis and by chromatography on Dowex 50. The 
other compounds were commercial or research samples possessing the cor- 
rect elementary composition. 
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The color yields are relatively independent of the initial pH of the sample 
provided the substance analyzed is dissolved in 0.2 n buffers at pH 3 to 7. 
When, however, 2 ml. aliquots of a 0.2 N eluent of pH 2.2 are analyzed, the 
pH is lower than the optimum during the reaction with ninhydrin and the 
color yield is decreased. ‘Taurine, for example, gives a color yield of 0.94 
if dissolved in a solution at pH 3.1 and 0.88 if the sample is at pH 2.2. 
Cysteic acid has a color yield of 1.01 if the sample is at pH 5 and 0.99 for 
a sample at pH 2.2. In the cystine method of Schram et al. (8), cysteic 
acid gives a color yield of 0.99 when 1 ml. effluent fractions of 0.1 N mono- 
chloroacetic acid are analyzed without neutralization. 

Maximal color yields with either 1 or 2 ml. samples are obtained for all 
of the common a-amino acids after heating for 15 minutes at 100°. Longer 
heating increases the color yield from the B-amino acids (Crokaert e¢ al. 
(9)), proline, hydroxyproline, and sarcosine. With compounds such as 
these, for which the reaction is not complete in 15 minutes, the color yield 
is greater when 1 ml. fractions are analyzed, since the concentration of 
ninhydrin in the reaction medium is increased. 


DISCUSSION 


The proportion of methyl Cellosolve in the reagent solution has been 
raised from 50 per cent to 75 per cent in order to keep the increased quantity 
of hydrindantin in solution. The increase in the strength of the buffer has 
required the use of sodium acetate (cf. Boissonnas (10)), which is more sol- 
uble in methy] Cellosolve, in place of sodium citrate. With the stronger 
buffer, the pH at which maximal color yields are obtained in the ninhydrin 
reaction is very similar to that employed previously. Although the 4 n 
sodium acetate buffer is initially at pH 5.5, the pH drops to 5.1 when the 
buffer is diluted to 1 Nn, which is the actual normality employed in the 
reagent. With the previous reagent, maximal color yields were obtained 
at pH 5.0 with a 0.2 M citrate buffer. 

Satisfactory recoveries of proline from chromatograms were obtained 
with use of the modified reagent (1) despite the low value of the color 
yield. With hydroxyproline, however, which has a much lower color yield, 
this would not be the case. Greater sensitivity for proline is exhibited by 
the procedure of Chinard (11), which utilizes the red color formed with 
ninhydrin in acid solution, and this method has been employed by Harfen- 
ist (12) to analyze the effluent from Dowex 50-X8 chromatograms. The 
special procedures of Neuman and Logan (13) and Troll and Cannan (4) 
(cf. Rogers et al. (14)) provide more sensitive tests for hydroxyproline. 


The authors wish to acknowledge the technical assistance of Mrs. Ger- 
trude C. Carey and Miss Renate Mikk in the performance of these experi- 
ments. 
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SUMMARY 


An extension of earlier studies on the determination of amino acids and 


related compounds with ninhydrin has led to the development of a modi- 
fied reagent composed of 2 per cent ninhydrin and 0.3 per cent hydrindantin 
in 3:1 methyl] Cellosolve-4 n sodium acetate buffer (pH 5.5). The strength 
of the buffer eliminates or reduces the need for preliminary adjustment of 
the pH of the samples when the method is used for the analysis of effluent 
fractions obtained in ion exchange chromatography, and the higher hy- 
drindantin concentration of the reagent solution permits economies in the 
use of ninhydrin. 


oof WN 
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THE FREE AMINO ACIDS OF HUMAN BLOOD PLASMA 


By WILLIAM H. STEIN ann STANFORD MOORE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York 21, New York) 


(Received for publication, July 6, 1954) 


The presence of amino acid nitrogen in the non-protein nitrogen fraction 
of blood plasma was first established in 1912 by Van Slyke and Meyer (1). 
Chemical, microbiological, and chromatographic techniques have subse- 
quently been employed to determine many of the individual amino acids 
which contribute to the total a-amino nitrogen as currently measured by 
the ninhydrin-CO:2 method of Hamilton and Van Slyke (2). In the studies 
reported in this communication, chromatographic methods in which col- 
umns of Dowex 50-X4 are employed (3) have been applied to this problem 
(Fig. 1). It has been possible to identify with a high degree of probability 
twenty-eight ninhydrin-positive substances in protein-free plasma and to 
determine most of them quantitatively. The results, taken in conjunc- 
tion with the values for glutamine obtained by Archibald (4) and Hamilton 
(5), account for nearly 100 per cent of the total a-amino N of postabsorptive 
plasma. 


EXPERIMENTAL 


Unless otherwise specified, 25 or 50 ml. samples of blood were drawn from 
the cubital vein before breakfast from normal adult males. Each 25 ml. 
portion was delivered into a 50 ml. centrifuge tube containing 5 mg. of 
heparin previously dried as a film on the walls. The freshly drawn blood 
was centrifuged, and the plasma was withdrawn and centrifuged again in a 
non-heparinized tube. The samples were deproteinized immediately or 
stored at —20° in plastic vials. It has been found in the present study, 
however, that changes in the concentrations of some of the amino acids 
occur if the whole plasma is stored. 

The chromatographic analyses were carried out by the Dowex 50-X4 
method (3) with columns initially equilibrated at pH 2.2 in order to obtain 
optimal separation of taurine and urea. 

Removal of Proteins—Equilibrium dialysis, ultrafiltration, and precipi- 
tation with picric acid were investigated as methods for the deproteiniza- 
tion of the plasma. For each of the dialysis and precipitation experiments, 
two 10 ml. aliquots of a single sample of plasma were taken. To one ali- 
quot there were added about 2.5 mg. of a synthetic mixture of amino acids 
(0.05 ml. of a 1:1 dilution of the mixture used in testing the Dowex 50-X4 
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method (3)). In the ultrafiltration experiments the procedure was sim- TI 
ilar, but the quantities were halved. After deproteinization, each pair of fiv 
samples was analyzed on the ion exchange columns and the recoveries of ing 
the added amino acids were determined. fer 

The equilibrium dialysis was carried out for 16 hours at 4° according to fill 
the procedure of Hamilton and Archibald (6). The dialysate was con- wa 
centrated to about 6 ml. on a rotary evaporator (7), and the entire sample ab 
was placed on the Dowex 50 column for analysis. un 

Ultrafiltration was carried out for 16 hours at 4° according to the pro- the 
cedure of Prescott and Waelsch (8).1. After measurement of the volume, to 
the ultrafiltrate was adjusted to pH 2 for chromatography. all 

Deproteinization with picric acid was effected in general as described she 
by Hamilton and Van Slyke (2). An additional step has been introduced, det 
however, to remove the excess picric acid. For this purpose, a bed of an 2 
ion exchange resin is employed under conditions which are known to per- aly 


mit the amino acids to pass through quantitatively. The resin used for 
this purpose is the strongly basic anion exchanger Dowex 2-X8 in the chlo- 


ride form.? The fines were first removed by settling the resin in water, ! 
and the product was thoroughly washed with N HCl. The resin, suspended pre 
in water, was poured into a 2 X 20 cm. chromatograph tube, allowed to wa 
settle for 5 minutes under gravity, and packed under a pressure of 2 to 5 am 
cm. of mercury. Sufficient resin was used to give a bed 2 X 2 cm. A tra 


circle of soft filter paper was placed on the surface of the resin and the bed 16 
was washed with 15 ml. of N HCl, followed by water until the effluent was tak 


neutral. If not used immediately, the column was stored with a few mm. pro 
of water over the resin surface. blo 

The deproteinization of 10 ml. of plasma was carried out in a glass-stop- wit 
pered flask by the addition of 50 ml. of 1 per cent picric acid solution. After pul 
a few seconds of shaking, the suspension was centrifuged for 10 minutes. pic 
The supernatant liquid was poured off completely and exactly 50 ml. (cor- ! 
responding to 8.34 ml. of the original plasma) were passed through the a p 
Dowex 2 bed under a pressure of 1 to 4 cm. of mercury. The resin column Ide 
removed any traces of precipitate remaining in the supernatant solution. tog 

b 

1 It is a pleasure to acknowledge the cooperation of Dr. H. Waelsch, who placed sd 
some of his ultrafiltration equipment at our disposal. ng 

2 Dowex 2-X8 (200 to 400 mesh) from Technical Service and Development, The mat 
Dow Chemical Company, Midland, Michigan. Quantitative tests on columns of the wit! 
chloride form of the resin have shown that 0.02 Nn HCl elutes all of the amino acids hist 
without retardation, with the exception of tryptophan, which is held back slightly sub 
as a result of its affinity for the aromatic groups of the resin phase. Moreover, the F 
amino acid is not fully stable on Dowex 2, the recovery being only about 85 per cent. 
The fact that the amino acid is also labile on Dowex 50-X4 columns (3) precludes (10) 
the determination of tryptophan by the present method. The small amount of Q 
Dowex 2 used to remove picric acid in each experiment was discarded after use. of t¢ 
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The walls of the chromatograph tube and the resin bed were washed with 
five 3 ml. samples of 0.02 Nn HCl. The clear, colorless effluent and wash- 
ings were concentrated on a rotary evaporator to a volume of 5 ml. and a 
few mg. of Celite (analytical filter aid) were added. The suspension was 
filtered by gravity through a paper previously washed with n HCl and 
water, and the filtrate and washings were concentrated to a volume of 
about 1 ml. The concentrate was washed into a plastic vial, the final vol- 
ume being 4 to 5 ml., at which point it frequently was convenient to store 
the tube at —20° overnight. The following day, the solution was brought 
to pH 7 to 8 (Hydrion paper) by the dropwise addition of Nn NaOH and 
allowed to stand at room temperature for 4 hours, conditions which were 
shown by analysis for —SH groups to convert cysteine (which cannot be 
determined on Dowex 50-X4) to cystine. The sample was adjusted to pH 
2 by the addition of Nn HCl and the solution was stored at —20° until an- 
alyzed. 


RESULTS AND DISCUSSION 


Deproteinization—Removal of protein by precipitation with picric acid 
proved to be the most satisfactory of the three methods tested. Difficulty 
was experienced in obtaining reproducible recoveries of the individual 
amino acids added to plasma when either equilibrium dialysis or ultrafil- 
tration was employed. Both processes are relatively slow, requiring about 
16 hours at 4°, and apparently during this interval secondary changes can 
take place. In the picric acid procedure, on the other hand, removal of 
proteins from the plasma can be accomplished within 30 minutes after the 
blood is drawn. The recoveries of added amino acids were consistently 
within 10 per cent of theory. Small losses of tryptophan and also of hip- 
puric acid are incurred, however, when Dowex 2 is used for the removal of 
picric acid. 

Interpretation of Efflwent Curves—A typical effluent curve obtained from 
a picric acid filtrate of normal postabsorptive plasma is shown in Fig. 1. 
Identification of the peaks on the effluent curve was aided by paper chroma- 
tography. In a duplicate experiment, alternate fractions were analyzed 
by the ninhydrin method to locate the peaks. Aliquots from the remain- 
ing tubes were desalted on small beds of ion exchange resins and chro- 
matographed on paper in exactly the manner already described in the work 
with urine (9). Aspartic acid, ethanolamine, and the isomeric methyl- 
histidines, because of their extremely low concentrations, were the only 
substances in Fig. 1 which could not be subjected to this additional test. 
For the identification of ornithine, the specific color reaction of Chinard 
(10) was applied in the manner already outlined (11). 

Qualitatively, the picture in Fig. 1 is in general agreement with many 
of the results obtained previously by microbiological assays, chemical de- 
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3 5 Glutamine +Asparagine —{] Proline 
= Threonine 
Glu 
Taurine | 
| 
5 A 
Effluent mi. 50 100. 150 200 250 
30 
pH22>!< Influent 0.2N pH31 
Glycine Alanine Isoleucine 
Valine cystine | 
a-NH,-7- TyPosine 
Butyric 
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| 
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| [1-MethyInistidine] 


| [3-MethyIhistidine] 


600 650 700 150 800 850 


and [Na‘] (02N pH 31 —+14N pH 5.) 


Fig. 1. The ninhydrin-positive components of protein-free human blood plasma 
obtained from adult males in the postabsorptive state. Chromatography of 8.34 ml. 
of plasma was carried out on a 150 X 0.9 cm. column of Dowex 50-X4. The terms in 
brackets refer to substances present in quantities too small to permit paper chro- 
matography to be used as an additional method of identification. The dash curve 
in the glycine plus citrulline peak represents citrulline. The open circles under 
the ammonia peak represent the amount of ninhydrin-positive material remain- 
ing in the fractions after removal of ammonia. The observed NH; is predomi- 
nantly derived from the decomposition of glutamine during the experiment. The 
proline and cystine (as half cystine) peaks have been corrected for their relatively 
low color yields to bring the concentrations (in leucine equivalents) into approxi- 
mately correct molar proportions relative to those of the other amino acids. The 
urea peak would require multiplication by about 30 to bring it similarly into scale. 
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terminations, and paper chromatography. The presence in plasma of 
taurine and a-amino-n-butyric acid has already been revealed by paper 
chromatography (12, 13). The two compounds have been found in rel- 
atively constant amounts in all samples examined by ion exchange chro- 
matography. ‘The existence of asparagine in plasma was detected by 
Agren and Nilsson (14) by paper chromatography. The concentration 
of the compound was determined by Barry (15) employing the Dowex 
50-X8 procedure and has been measured in the present study by rechro- 
matography of a sample from the glutamine-asparagine peak (3). The 
presence of asparagine is not unexpected in view of its occurrence in urine 
(9)3 and in tissue extracts (16). The concentration of asparagine in plasma, 
however, is less than one-tenth that of glutamine. The presence of orni- 
thine in plasma has not been established heretofore. Agren and Nilsson 
(14) observed a spot corresponding to ornithine on paper chromatograms 
of plasma desalted by the procedure of Consden, Gordon, and Martin (17), 
but this observation was not conclusive proof for the existence of ornithine 
in plasma, since it has been shown that this amino acid can arise from argi- 
nine during the electrolytic desalting procedure (11). 

The separation of citrulline from glycine requires a separate experiment 
in the Dowex 50-X4 method. Archibald (18) demonstrated the presence 
of citrulline in blood plasma, and its occurrence has been confirmed by 
rechromatography of a sample from the glycine zone (3). The quantity 
is indicated by the dotted curve in Fig. 1. 

The ammonia peak is primarily an artifact arising as a result of the de- 
composition of glutamine during the deproteinization and storage of the 
sample prior to chromatography. The shoulder on the peak comes from 
ammonia generated from glutamine during the chromatographic process. 
Identification of the isomeric methylhistidines is not certain because of 
their very low concentration, but they are the only amino acids known 
to emerge at the given positions and both are present in relatively large 
amounts in human urine (9, 19). 

The almost complete absence of aspartic acid in plasma and the low 
concentration of glutamic acid, some of which doubtless results from the 
decomposition of glutamine, are noteworthy. These two amino acids 
are absent from freshly voided urine (9), but are found in relatively high 
concentrations in the extracts of most tissues (16). Even after the in- 
gestion of 50 gm. of casein, the concentration of free aspartic acid is not 
significantly greater than that shown in Fig. 1. Thus, it is predominantly 


3 In previous studies with normal urine (9), it was not appreciated that the serine 
+ asparagine peak also contained some glutamine, and, therefore, the asparagine 
values are too high. Experiments performed in connection with the present work 
have indicated that the asparagine output by a normal adult male is of the order of 
20 mg. per day. 
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the amides of both of these amino acids that are brought to the tissues by 
the blood stream. These facts may have a bearing on the nausea and 
vomiting frequently observed to accompany the intravenous administra- 
tion of protein hydrolysates from which aspartic and glutamic acids have 
not been removed. 

Hydroxyproline has not been found in chromatograms of plasma, indi- 
cating that its concentration must be less than 0.2 mg. per cent. 

The plasma pattern in Fig. 1 is very different from the curve obtained 
with urine (9). In urine, taurine is a major component, while the quanti- 
ties of proline and valine are very low; glycine exceeds alanine in amount 
and histidine, 1-methylhistidine, and 3-methylhistidine are present to a 
far greater extent than is lysine. In plasma, the situation is the converse. 
Moreover, there are only two small unidentified peaks in Fig. 1, one be- 
tween urea and aspartic acid, the other to the right of leucine, whereas a 
number of unknown substances render the urine picture less clear-cut. 

Quantitative Results—The quantitative data obtained from the analyses 
of the plasma of five normal adult males are presented in Table I, along 
with values from the literature. There do not appear to have been pre- 
vious quantitative determinations of aminobutyric acid, taurine, orni- 
thine, and the 1- and 3-methylhistidines. Since glutamine and tryptophan 
are not recovered quantitatively from the Dowex 50 columns, the average 
figures for these amino acids in Table I have been taken from the work of 
Archibald (4) and Hier and Bergeim (20). When the tryptophan peak in 
Fig. 1 is corrected for losses, a value similar to the microbiological estimates 
is obtained. The value for citrulline is that of Archibald (18), with which 
two chromatographic determinations were in agreement. The glycine 
values have been corrected for the presence of 0.50 mg. per cent of citrulline 
in the glycine peak. In almost every instance, agreement can be found 
between the average results in Table I and one or more of the values from 
the literature. The variation in the individual values from the literature 
is frequently considerably greater than that found in the present studies. 

The yield of total a-amino N which would be obtained in the ninhydrin- 
COz method from the individual compounds (taurine excepted) listed in 
Table I (4.02 mg. per cent) is in close agreement with the average value of 
4.1 mg. per cent found by Hamilton and Van Slyke (2). This fact, coupled 
with the absence of major unknown peaks on the curve shown in Fig. 1, 
indicates that substantially all of the amino acids of plasma have been ac- 
counted for. 

The Dowex 50 chromatograms also provide a measure of the urea content 
of plasma. Since the color yield of urea in the ninhydrin procedure is 
only 3.14 per cent (35), the peak in Fig. 1 should be multiplied by about 
30 to place it on a molar scale comparable to that of the amino acids. The 
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TaBLe I 
Free Amino Acids of Human Blood Plasma 
Postabsorptive plasma from normal adult males. 


Amino acid 


Mg. amino acid per 100 ml. plasma 


Values from literature* 


Calculated yield of a-NH:2-N in ninhydrin- 


CO, method 


Average a-NH:2-N found by Hamilton and 


4.1 


Sub- | Sub- | Sub- | Sub- | Sub- | Aver- 
ject A |ject B |ject C {ject Diject E | age 
[Aspartic acid]ft| 0.03} 0.01) 0.03] 0.02) 0.07/0.03 | 0.8(21) 
Asparagine 0.65} 0.55) 0.54'0.58 | 1.0-1.4(15), present (14) 
Glutamic acid | 0.50) 0.78) 0.43} 0.65! 1.15}0.70 | 1.1(8), 3.5(22), 4.4(21) 
‘Glutamine 8.30 5.8(22), 7.5(5), 8.8(23), 9.7(8) 
Glycine 1.52) 1.51) 1.61} 1.73) 1.34/1.54 | 1.7(24), 1.8(25), 1.1(21), 2.8(26) 
Alanine 3.01; 3.73) 3.51] 3.25) 3.53/3.41 | 3.4(24), 4.0(25), 4.2(21), 3.7(27) 
Aminobutyric 0.30) 0.30} 0.22; 0.35'0.30 | Present (12) 
acid 
Valine 2.94) 2.37) 2.84] 2.56) 3.71/2.88 | 2.9(20), 2.7(28), 3.4(21), 3.0(29) 
Leucine 1.53} 1.42; 1.65) 1.53) 2.30:1.69 | 2.0(20), 1.9(28), 2.4(21), 2.0(29) 
Isoleucine 0.76) 0.69) 0.87) 0.87) 1.28:0.89 | 1.7(20), 1.3(28), 1.8(21), 1.5(29) 
Serine 1.05} 1.20) 1.08} 1.25) 1.01/1.12 | 1.2(29) 
Threonine 1.59} 1.21) 1.21) 1.72) 1.21)1.39 | 2.1(20), 1.7(28), 3.1(21), 1.3(30) 
Cysteine + 1.09} 1.30) 1.20) 1.25) 1.08 1.18 | 1.5(28), 1.0(31), 2.0(29) 
cystine 
Methionine 0.33) 0.40) 0.39] 0.36) 0.43:0.38 | 0.52(28), 0.9(21), 0.85(32), 0.29 
(29) 
Taurine 0.82) 0.50; 0.56} 0.45) 0.4110.55 | Present (13) 
Proline 3.34) 2.17) 2.01] 2.40) 1.84/2.36 | 2.8(21), 2.9(30) 
Phenylalanine | 0.76} 0.94) 0.86] 0.69} 0.95'0.84 | 1.4(20), 1.0(33), 1.9(13), 1.6(21) 
Tyrosine 0.81} 1.11) 0.88} 0.89) 1.45'1.03 | 1.5(20), 1.0(28), 1.3(21), 1.0(30) 
Tryptophan 1.11§} 1.1(34), 1.3(28), 1.7(21) 
Histidine 1.08; 1.48} 1.15) 0.79; 1.23)1.15 | 1.4(20), 2.1(21), 1.4(80), 1.0(29) 
[1-Methyl- 0.17} 0.12) 0.04 0.11 
histidine]f 
[3-Methyl- 0.04) 0.13} 0.07] 0.10) 0.07/0.08 
histidine]f 
Ornithine 0.76; 0.62) 0.73} 0.80) 0.70/0.72 
Lysine 3.02) 2.51} 2.77) 2.55] 2.73|2.72 | 3.0(20), 2.2(28), 2.6(30), 2.8(29) 
Arginine 1.93) 1.64) 1.34} 1.22) 1.43/1.51 | 2.3(20), 1.6(28), 1.5(30), 2.5(29) 
Citrulline 0.50]|| 0.50(18), present (14) 


* The values in reference (26, 27, 29) were obtained with serum. 
t These compounds were present in too low a concentration to permit unequivocal 


identification. 


t Archibald (4). 
§ Hier and Bergeim (20). 
|| Archibald (18); chromatographic determinations on two plasmas, 0.45 and 0.48 
mg. per cent of citrulline. 
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plasma urea values for the individuals referred to in Table I were 27, 42, 
31, 28, and 30 mg. per cent, all within the normal range. Approximate 
ethanolamine values of from 0.05 to 0.20 mg. per cent were also obtained 
in these studies. 

In one case, an opportunity was afforded to compare the values obtained 
with plasma stored for 7 months at —20° with those secured when the 
plasma was deproteinized and analyzed immediately. With the excep- 
tion of aspartic acid, glutamic acid, and cystine, the values for all of the 
amino acids in the fresh and the stored frozen plasma agreed within the 
experimental error. Upon storage, there was a slight increase in the quan- 
tity of aspartic acid and a large increase in the amount of glutamic acid, 
both doubtless a result of the decomposition of the respective amides. No 
cystine was found in the stored plasma. If, as seems likely (Fujita and 
Numata (36)), cysteine rather than cystine is present in blood and tissues, 
the oxidative formation of intermolecular bridges involving cysteine and 
the —-SH groups of proteins would explain the absence of cystine in the 
stored plasma. In freshly deproteinized plasma, on the other hand, cys- 
teine-protein linkages are not given an opportunity to form, and oxidation 
by air of the protein-free filtrates leads only to the formation of cystine. 
Irrespective of the mechanism, the fact that the apparent cystine or cys- 
teine content decreases with time emphasizes the need for prompt depro- 
teinization of plasma whenever this amino acid is to be determined. 

Conjugated Amino Acids—The absence of major quantities of conjugated 
amino acids in plasma is well established. In recent experiments, Christen- 
sen (37) and Dent and Schilling (38) found only a very slight rise in total 
a-amino N after acid hydrolysis of the deproteinized plasma of the dog. 
The results of studies showing in detail the effect upon the quantity of 
each amino acid brought about by the hydrolysis of protein-free plasma 
are given in Table II. For a fasting subject (EF), hydrolysis produces no 
significant changes in the concentration of most of the amino acids. Only 
aspartic acid, glutamic acid, glycine, and possibly alanine, serine, and 
threonine are increased in amount by hydrolysis. Most of the aspartic 
acid arises from asparagine, and the glutamic acid formed could all come 
from glutamine. There is evidence for the existence of a small quantity 
of conjugated glycine in plasma, probably in the form of hippuric acid. 

In the absence of conjugated forms of serine and threonine, the values 
for these two amino acids might be expected to decrease as a result of de- 


composition during hydrolysis. Actually there is a slight rise, indicating |} 


traces of bound forms. There is unequivocal evidence for the decomposi- 


tion or alteration during hydrolysis of cystine, methionine, proline, and | 
tyrosine. Cystine seems to be converted largely to cysteic acid, and methi- | 
onine partially to the sulfoxide. The fact that the amount of material in } 
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TABLE II 
Amino Acid Content of Protein-Free Plasma after Acid Hydrolysis 
The hydrolysis was carried out at 110° for 16 hours in 10 ml. of 6N HCl. The 
samples corresponded to the concentrated protein-free filtrate from 8.34 ml. of 
plasma. For the “post-protein’’ sample, blood was drawn 2 hours after the inges- 
tion of 50 gm. of casein as Protinal (a 2:1 casein-carbohydrate mixture, The Na- 
tional Drug Company, Philadelphia). 


Mg. amino acid per 100 ml. plasma 
Aanine acid Total after hydrolysis Increase after hydrolysis 

Subject E, Subject F, Subject E, Subject F, 

fasting post-protein fasting post-protein 

Aapartic 0.73 1.19 0.66 1.07 
9.48 14.15 8.33 12.35 
1.83 1.84 0.28 0.27 
3.62 4.80 0.09 0.16 
Aminobutyric acid............. 0.40 0.19 0.05 —0.05 
Cysteine + cystine............ <0.03 <0.03 —1.08 —1.49 
Cysteic acidf.................. 1.98 <0.03 1.98 <0.03 
Methionine§................... 0.08 0.45 —0.35 —0.34 
Phenylalanine................. 0.97 1.50 0.02 —0.05 
0.71 1.34 0.01 0.12 


* The asparagine content of the plasma before hydrolysis was 0.54 mg. per cent 
for Subject E and 0.89 mg. per cent for Subject F. 

t Not corrected for the presence of citrulline. 

t The 1.08 mg. per cent of cystine present before hydrolysis in the plasma of Sub- 
ject FE could give rise to a maximum of 1.51 mg. per cent of cysteic acid. The plasma 
of Subject F stood for 4 months in the deep freeze before being deproteinized and 
analyzed, and hence contained no free cystine (see the text). 

§ In the chromatograms of the hydrolysates, two small peaks appeared ahead of 
aspartic acid at the positions of the isomeric methionine sulfoxides (3). Assuming 
that these peaks are the sulfoxides, virtually all of the methionine present before 
hydrolysis can be accounted for in the hydrolysates as methionine + methionine 
sulfoxides. 
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the aminobutyric acid peak is essentially unchanged by hydrolysis elim- 
inates the possibility that the peak might contain glutathione, which also 
emerges at this position (3). The data on Subject EK in Table II confirm 
the view that, if conjugated amino acids, including peptides, are present 
in the venous blood of a fasting individual, the amount is extremely small. 

A consideration of the data obtained with Subject F (Table II) shows 
that, even after a meal rich in protein, major quantities of conjugated amino 
acids do not appear in the plasma. The rise in free amino acids in the 
plasma of this individual after the protein meal has already been reported 
(cf. (39), Table VI, normal). There is some evidence for the presence of a 
detectable amount of conjugated lysine, and, as is to be expected, the con- 
centration of asparagine and glutamine rises after a meal. Otherwise, the 
picture is similar to that observed with the fasting subject. 

The possibility still remains that certain forms of conjugated amino 
acids of unknown nature might exist in plasma and be removed during 
the deproteinization procedure, either by being bound to the protein-picric 
acid precipitate or to the Dowex 2 column. Simple peptides and most 
simple conjugates now known to exist in tissues or urine would be expected 
to survive the picric acid deproteinization procedure. 

Whole Blood—In one instance, the amino acid composition of whole 
blood was also determined. For this purpose, 5 ml. of blood were laked 
with 5 ml. of water prior to deproteinization. From the hematocrit and 
the amino acid composition of the plasma, the amino acid composition of 
the formed elements of the blood was calculated. The cells were charac- 
terized by a high content of glutathione (about 50 mg. per 100 ml. of cells), 
comparable to that found in tissues. Relative to plasma, the cells con- 
tained more taurine, aspartic and glutamic acids, glycine, and ornithine, 
while the amounts of valine and cystine were less. For the remaining 
amino acids, the concentrations in the cells and the plasma were quite sim- 
ilar. | 

Additional Analyses—Examinations have been made of the concentra- 
tions of amino acids in the plasma of fasting patients suffering from a num- 
ber of diseases known or suspected to be associated with aberrations in 
amino acid metabolism. The results of investigations of patients with 
Wilson’s disease have already been reported (39). In a single cystinuric 
patient, the concentrations of cystine (0.54 mg. per cent), arginine (0.89 
mg. per cent), and alanine (2.58 mg. per cent) were slightly below normal, 
the concentration of glycine was elevated (2.56 mg. per cent), while the 
levels of all the other amino acids, including lysine, ornithine, and citrulline, 
were in the normal range. It would appear, therefore, that the increased 
excretion of cystine, lysine, arginine, and ornithine (31, 40) by this cys- 
tinuric was not a reflection of high blood levels of these amino acids. 
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In a case of phenylpyruvic oligophrenia, the concentration of phenylala- 
nine in the plasma was 23.5 mg. per cent and the urinary excretion was 
334 mg. per day, markedly high values in agreement with previous find- 
ings (33, 41-43). All of the other amino acids in the blood and urine were 
at or near the normal range. In two patients with schizophrenia, one with 
cirrhosis of the liver, one with tuberculosis, and one with muscular dys- 
trophy, the levels of the amino acids in both the plasma and the urine were 
in or near the normal range. 


The authors wish to acknowledge the technical assistance of Mrs. Ger- 
trude C. Carey, Miss Renate Mikk, and Miss Joyce F. Scheer in the per- 
formance of these experiments. 


SUMMARY 


Deproteinized human blood plasma contains twenty-eight ninhydrin- 
positive compounds identifiable by chromatography on columns of Dowex 
50-X4. The procedure provides quantitative determinations of all of the 
constituents, except glutamine. The results, taken in conjunction with 
the previous values for glutamine obtained by Hamilton and Archibald, 
account for 95 to 100 per cent of the individual amino acids which con- 
tribute to the total a-amino N of postabsorptive plasma (4.1 mg. per cent). 
In agreement with previous investigations, no detectable quantities of 
peptides have been found in venous plasma, either in the fasting state or 
after a protein meal. 
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STUDIES ON THE FREE AMINO ACIDS AND RELATED 
COMPOUNDS IN THE TISSUES OF THE CAT* 


By HARRIS H. TALLAN, STANFORD MOORE, anp WILLIAM H. STEIN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York 21, New York) 


(Received for publication, July 6, 1954) 


The present study has been undertaken to obtain information on the 
amino acids and related compounds of animal tissues by the chromato- 
graphic analysis of protein-free extracts on columns of sulfonated poly- 
styrene resins (2). The nature and quantity of bound forms of amino 
acids have been investigated by analysis of the extracts before and after 
acid hydrolysis. The tissues of the cat were chosen for study in order to 
combine a general survey with the special objective of obtaining informa- 
tion on the origin and distribution of felinine, a sulfur-containing amino 
acid recently discovered in cat urine by Westall (3), and 3-methylhistidine 
(4), recently found to be excreted by man and the cat. 


EXPERIMENTAL 


Preparation of Tissue Extracts—The tissues were taken from a normal, 
male cat fasted for 17 hours and anesthetized with Nembutal. The chest 
was first opened and a blood sample was obtained by direct heart puncture 
with a heparinized syringe; some hemolysis occurred. The animal was 
exsanguinated by cutting the vessels of the heart, and the liver, pancreas, 
gastrocnemius, kidneys, bladder, and brain were removed. A sample of 
urine was expressed from the bladder and stored at —20°. Each tissue or 
organ was quickly freed of fat and connective tissue, weighed, cut into 1 
to 3 gm. portions, and 20 gm. or less were ground immediately in a War- 
ing blendor with a 10-fold amount of 1 per cent picric acid according to 
the method of Hamilton (5). The picric acid precipitate was removed 
promptly by centrifugation. The blood was centrifuged and deproteinized 
in the manner previously described for the study of human blood plasma 
(6). 

To remove excess picric acid from the protein-free tissue extracts, the 
solutions were passed through columns of Dowex 2 (2 cm. in diameter); 
a bed 2 cm. high was used for 80 ml. or less of extract and a bed 4 em. high 
for 80 to 180 ml. (6). A column 7.5 cm. in diameter and 2 cm. high was 


* A preliminary report of some of this work was given at the meeting of the Fed- 
eration of American Societies for Experimental Biology, Atlantic City, April 12-16, 
1954 (1). 
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employed for the very turbid brain extract. The colorless effluents were 
frozen until used. As in the procedure for plasma (6), before analysis each 
solution was thawed, concentrated in a rotary evaporator to 5 to 10 ml., 
treated with Celite, filtered through acid-washed paper, adjusted to pH 
7.5 with Nn NaOH, and allowed to remain at room temperature for 4+ hours 
to oxidize glutathione (--SH) and cysteine. The samples were brought 
to pH 1.5 to 2.0 with n HCl, filtered with Celite if cloudy, and diluted to 
known volumes of 10 to 25 ml., to give solutions corresponding to 0.5 to 
1.0 gm. of the original tissue (wet weight) per ml. In a typical experiment, 
20 gm. of gastrocnemius muscle were treated with 200 ml. of picric acid, 
and, from the centrifuged suspension, 183 ml. of the supernatant solution 
were taken for passage over Dowex 2. After concentration under reduced 
pressure, the picric acid-free filtrate was brought to a volume of 25 ml. 
Each ml. of the resulting solution corresponded to (20 * 183) + 25(200 
+ 0.75 XK 20) = 0.68 gm. of tissue, the water contributed by the tissue to 
the homogenate being estimated to be 75 per cent of the gross tissue weight 
in each instance. 

In order to obtain information on the bound amino acids, an aliquot 
(usually 5 ml.) of the final solution was hydrolyzed for 17 hours with 50 
ml. of 6 n HCl at a bath temperature of 120°. The hydrolysate was taken 
to dryness three times in a rotary evaporator, treated with Celite when 
necessary, and made up to a volume of 5or10ml. All solutions were kept 
frozen prior to chromatography. It was found that, unlike human urine, 
cat urine contained an appreciable amount of protein, which was removed 
by dialyzing 2 ml. of urine against 50 ml. of distilled water in a rocking 
equilibrium dialyzer (7) overnight in the cold. The dialysate was con- 
centrated and hydrolyzed in the manner described above. 

Chromatographic Analysis—The samples were analyzed on columns of 
Dowex 50-X4 (2). Rechromatography in the manner previously described 
(2) was used to determine asparagine and for the separation of glycine, 
citrulline, and felinine. An amount of the extract or hydrolysate corre- 
sponding to | to 2 gm. of tissue (wet weight) was chromatographed in most 
instances. The samples taken for analysis in the cases of blood plasma 
and urine corresponded to 8 ml. and 2 ml. of the original fluids, respec- 
tively. The amino acid content of the tissues is given as mg. per 100 gm., 
wet weight, of tissue. For urine and plasma, values are in mg. per 100 
ml. of fluid. The minimal detectable concentrations under the conditions 
of the experiments have been listed with an increasing sign (<) for the 
compounds for which significant peaks were not obtained. 


RESULTS AND DISCUSSION 


An elution curve obtained from an extract of cat liver is shown in Fig. 1. 
The complicated chromatographic picture presented by this extract 1s 
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Fic. 1. The ninhydrin-positive components of a protein-free extract of cat liver. 
The filtrate from 1.4 gm. of tissue (wet weight) was analyzed on a 150 X 0.9 em. 
column of Dowex 50-X4. The terms in brackets refer to substances that emerge from 
the column together and can be estimated by rechromatography. The peaks indi- 
cated by the broken lines were obtained from chromatograms performed on acid 
hydrolysates of the extracts. The ethanolamine peak (open circles) represents the 
amount of ninhydrin-positive material remaining in these fractions after evaporation 
of the ammonia in vacuo. The NH; is predominantly derived from the decomposi- 
tion of glutamine during the experiment. The proline peak has been corrected for 
the relatively low color yield to bring the concentrations (in leucine equivalents) 
into approximately correct molar proportion relative to those of the other amino 
acids. The urea peak would require multiplication by about 30 to bring it similarly 
into scale. The effluent was collected in 2 ml. fractions, except from 190 to 340 ml., 
when 1 ml. fractions were collected. 
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typical of the curves obtained with the extracts of the different tissues, 
although each material analyzed has characteristics that clearly distinguish 
it from the others. In the present survey, identification of the substances 
responsible for the various peaks rests primarily upon the positions of the 
peaks on the effluent curve, which, in the absence of supplementary means 
of identification, imposes limitations on the assurance with which the curves 
can be interpreted. However, parallel chromatograms performed on the 
hydrolyzed extracts provide in each case confirmatory information on the 
stability of the peaks attributed to amino acids and the lability of com- 
pounds known to be hydrolyzable. For some substances, such as felinine, 
chromatography on a different resin has furnished further evidence support- 
ing the identification. There are very few peaks on the effluent curve 
that do not occur in positions identical with those of known compounds 
included in the control mixture used in the development of the Dowex 
50-X4 method (2). The resolving power of the chromatographic system is 
such that there is not a high probability that an unidentified substance 
would coincide exactly with a known compound. Finally, the chromato- 
graphic results are qualitatively consistent with data in the literature, and, 
therefore, support the conclusion that the major ninhydrin-positive sub- 
stances have been accounted for in terms of known amino acids and related 
compounds. However, it should be emphasized that for rigorous identi- 
fication of the constituents of a given tissue extract, as might be required in 
experiments with isotopically labeled metabolites, supplementary identi- 
fication procedures (such as paper chromatography) of the kind employed 
in the investigations of blood plasma (6) and urine (8) would be necessary. 

The present study is an exploratory one which has been carried out in 
detail on the tissues from a single animal; the results can be considered in 
conjunction with recent surveys utilizing paper chromatography (Roberts 
et al. (9, 10), Astrup et al. (11)), which have shown the composition of the 
blood and the tissues to be fairly constant within species from one animal 
to another. 

All of the quantitative data on the forty constituents in the eight tissues 
and body fluids are presented in Table I, together with references to the 
literature. Only special points are referred to in the text. Detailed com- 
parisons with the literature have not been possible in most cases, since few 
results are available on the cat. In the majority of the instances in which 
quantitative rather than qualitative data have been obtained for tissues of 
other animal species, the relative amounts of the amino acids are of the same 
order as those found in the present study. The high concentration of 
felinine in the urine of the cat is, on the other hand, an outstanding ex- 
ample of species specificity. 

Glycerophosphoethanolamine—Campbell and Work (32) have recently 
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identified this compound as one of the principal ninhydrin-positive con- 
stituents in liver. The quantitative results in Table I are in agreement 
with their finding and show measurable amounts to be present in other 
tissues, particularly in kidney. 

Phosphoethanolamine—The wide distribution of phosphoethanolamine 
has been shown recently, through the use of paper chromatography, by 
Gordon (33), Awapara et al. (57), and Astrup et al. (11). In the present 
analyses, the highest concentrations are found in pancreas. It will be 
noted that phosphoethanolamine was not completely hydrolyzed by HCl 
in the experiments listed in Table I. Phosphoethanolamine has been re- 
ported as readily susceptible (32) to and also as quite resistant (57, 58) to 
acid hydrolysis. The explanation for these divergent reports appears to be 
that the compound is relatively slowly attacked, and hence 18 hours re- 
fluxing in HCl at 110° (bath temperature 135—140°) are sufficient to produce 
complete hydrolysis, whereas the same period at 100—105° (bath tempera- 
ture 120°) is insufficient. The fact that urea is hydrolyzed only to the 
extent of about 50 per cent in the present experiments, rather than 80 per 
cent (61), is also a result of the lower temperature employed for the hy- 
drolysis of the tissue extracts. The values for the ethanolamine content 
of the hydrolysates (Table I) are uncertain, since they reflect variations 
in the degrees of decomposition of the phospho derivative, as well as in- 
accuracies in the determination of ethanolamine on Dowex 50-X4 (2). 

Glutamine and Asparagine—The instability of glutamine prevents its 
determination by the procedures employed in this investigation. De- 
composition occurs during preparation of the extracts for chromatography 
and on the Dowex 50-X4 columns (2). The approximate glutamine con- 
centrations have been estimated from the chromatographic data and from 


’ the determinations of tissue glutamine by Hamilton (28) and Krebs et al. 


(24) and have been included in Table I only to indicate that glutamine was 
always observed to be one of the principal constituents of the tissue ex- 
tracts. Asparagine, first shown to be present in tissues by Krebs (20), is 


‘stable during chromatography and is found to occur in all of the tissues at 


a concentration about one-tenth that of glutamine. 

Felinine—Westall (3) estimated the concentration of felinine, a new 
amino acid to which he has ascribed the formula of an S-hydroxyalkyl 
derivative of cysteine, to be 100 to 120 mg. per cent in cat urine, but he 
found no evidence for the new amino acid in the plasma. The value of 
185 mg. per cent in Table I confirms the remarkably high level of excretion 
of this compound. It occurs in the urine in more than 100 times the con- 
centration of a typical urinary amino acid, such as threonine. Only traces 
were detectable in plasma and in the bladder, and none was measurable 
in kidney, liver, brain, or gastrocnemius. It seems likely, therefore, that 
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TABLE I—Amino Acids andigCompo 
The values represent mg. per 100 gm., wet weight, of tissue or mg. per 100 ml. of urine L. 
Liver Brain Pancreas Cucina’ Bladde 
Constituent Hydro- ydro- Hydro- Fak | I 
Extract lyzed | Extract | lyzed | Extract | lyzed Extract lye@act | 
extract extract extract e e 
Aspartic acid 11.6 18.2 29.7) 114 18.4, 27.3 3.9 9.9 
Asparagine 2.5 1.4 4.8 L. 6 
Glutamie acid 66 241 128 | 186 140 | 183 36.2 | 156 1 
Glutamine (approximate) > 50 >50 | >50 > 50 
a-NH:2-adipic acid 0.3 <0.2 4.0 0), 
Glycine 9.1 | 54.0 10.1) 24.1) 17.5) 40.8 6.7 178.7 
Sarcosine 4.3 2.7 1.2 1, < 
Alanine 16.5 | 16.9 8.4) 8.4) 34.0) 32.1 24.7 | 2490.9 
B-Alanine 1.7 3.0 0.6) <0.2) <0.2) 5.5 6.9 | 142{0.2 
B-NH.-isobutyric acid 0.3 4.7 0.1 1.3) <0.2| <0.5 <0.2 | <0§0.2 | 
a-NH,-n-butyric acid 0.8 0.2 0.5 0) < 
acid 1.0 0.9 23.4) 24.2 0.7; 0.7 | <0N.0{ < 
Valine 4.3 3.4 2.1 1.7 3.7 2.3 
Leucine 3.6 4.5 1.8} 1.9 3.3] 4.4 2.3 281.9 
Isoleucine 1.7 0.8 1.2 1.3 1.9) 1.8 1.7 181.0 
Serine 3.4 4.7 7.6) 7.9 9.0} 10.6 5.4 685.4 
Threonine 3.1 3.7 2.6) L. 3.3} 4.2 3.9 492.5 
Methionine <0.9 1.5 0.3 0.4 0.4 
Cystine (see text) <0.2 | 49.8 1.0; <0.2 0.6) 14.5) <0.2 080.2 | < 
Taurine “ “ (172) | 104 24.0; 22.9| 61.8) 58.5 | (78.6) | 5593.3 
Felinine <1.2 <0.6 L. <0.3 3.4 
Glutathione (see text) 118 27.1 59.9 28.7 2 
Proline 2.6 L. <1.6) L. 4.3) L. 3.2 842.2 | < 
Phenylalanine 1.8 2.5 1.2} 1.0 1.8) 2.3 1.0 191.4 
Tyrosine 2.1 1.3 12 0.8 1.7) 2.6 0.8 141.3 
Tryptophan <1.0 <0.7 <0.8 <1.5 0.9 
Histidine 9.1] 13.4 0.9) 1.5 2.7; 5.0 3.6 | 103)1.2 
1-Methylhistidine 3.3 <0.3} <0.5) <0.8 | 106 255 < 
3-Methylhistidine <0.4 <1.0} <0.3) <0.4) <0.9 3.2 | < 
Carnosine 150 
Anserine 200 
Ornithine 2.0 2.3 0.6) 0.3 1.7; 1.6 0.4 090.3 
Lysine 3.6 4.1 2.0; 3.0 5.2} 5.9 5.5 992.5 
Arginine 0.2 L. 1.4) 1.6 2.5) 2.6 3.7 341.3 
Creatinine (see text) (57) | 86.5 (24) | 37099) | ° 
Citrulline <0.9 <0.4 L. <0.2 0.4 
Urea 40 20 25 20 60 20 35 25 I 
Ethanolamine 2.0| 44.5 20.7; 26.1) L. L. 0.5 0. 
Phosphoethanolamine 19.1 9.6 41.9} 11.7} 186 10.5 1.8 1, 
Glycerophosphoethanola- 271 <2.9 12.7 3.6 2.4 
mine | 
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ocnemiu: Kidney Urine Plasma 
yak Hydro- Hydro- Hydro- Hydro- Literature references 
t ct | lyzed | Extract lyzed | Extract lyzed Extract lyzed 
e extract extract extract extract 
| 99.9 8.1 7.3) 14.3 0.1 19.2 0.1 1.4 | (8, 11-21) 
6 2.3 1.4 0.9 (8, 20, 22, 23) 
156 101 137 174 0.9 20.5 1.8 12.0 | (8, 11-19, 24-27) 
>20 >5 >5 (6, 17-19, 24-26, 28) 
<0.7 0.3 | <0.1 0.6 <0.1 | (8, 29, 30) 
24.7 14.4; 36.0 1.8 47.2 2.3 3.2 | (8, 11-15, 17-19) 
<1.3 2.7 1.9 <0.1 | (31) 
10.4 20.7; 19.4 2.8 7.9 7.0 7.3 | (8, 11-14, 17-19) 
2.0 1.3) 1.9] <3 8.1} <0.03] 0.4] (10, 11, 18, 21, 32-34) 
<1.0 0.4 4.0 | <1.0 <0.5 | <0.04 | <0.1 | (35-37) 
<0.4 0.6 | <0.1 0.4 0.3 | (6, 10, 12, 19, 21, 33) 
<0.4 0.5} 0.5| 0.3] <0.2 | <0.02 | <0.04| (11, 12, 14, 21, 33, 34, 38) 
2.8 6.2) 3.8 0.8 1.4 2.4 2.4 | (17-19, 39-41) 
2.4 $.21 8.2 1.3 2.9 1.6 1.7 | (8, 17-19, 39-41) 
1.3 2.3 1.7 4.8 1.2 0.8 0.8 | (8, 17-19, 39-41) 
4.6 3.9) 5.2 2.4 6.7 2.1 2.1 | (14, 17-19) 
3.6 3.6; 4.1) 1.6 3.4 1.4 1.6 | (17-19, 39-41) 
1.1 1.1 0.4 (17-19, 39-41) 
<0.9 1.1 1.6 | <0.2 106 0.4 <0O.1 | (17, 19, 42, 43) 
) 65.8 44.3) 88.2 3.2 16.9 0.7 0.8 | (9, 11-14, 18, 19, 21, 44) 
<1.0 185 0.4 (3) 
61.6 <0.2 (11, 12, 14, 42, 45-47) 
<8.7 4.65 5.9 | <1.5 5.8 2.3 2.0 | (17, 18, 39) 
1.3 1.6 1.7 0.9 1.4 0.9 1.0 | (17-19, 39-41) 
0.6 1.8| 2.3 0.9 2.8 0.7 0.5 | (17-19, 39, 40, 48) 
<0.7 <0.7 <0.2 (17, 19, 39-41) 
2.1 2.7; 4.0| 2.0 7.2| 1.4 1.7 | (12, 17, 19, 39-41) 
<1.8 4.7 44.1 0.1 | (8, 21, 37, 49) 
<1.9 1.1 0.8 9.4 9.1 0.1 <0.1 | (4, 6) 
(19, 50) 
(50) 
1.2 0.6; 1.2 0.1 1.8 0.2 0.4 | (6, 51) 
6.4 3.7/ 9.1] 4.2 8.6| 2.8 2.8 | (17, 19, 39-41) 
2.0 eae 6.5 5.3 1.4 1.6 | (17, 39-41) 
73.4 370 340 (52) 
<0.9 <0.4 <0.1 (6, 23, 44, 53) 
100 100 70 L. 2400 40 20 (54) 
5.5 3.3; L. 2.3 3.0 | <0.04 | <0.1 | (32, 55, 56) 
6.2 21.7 7.8 | <0.5 <0.7 0.2 <0.1 | (11, 12, 14, 32, 33, 57-59) 
77.8 <3.3 <0.1 (12, 32, 60) 
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the amino acid is formed in the kidney and excreted directly. As noted 
below, there may be evidence for the presence of a combined form of felinine 
in kidney tissue. 

Glutathione and Cystine—The amounts of cystine (cf. (43)) detected in 
the unhydrolyzed extracts are very small. Like glutathione, cystine ap- 
parently exists in tissues largely in the reduced form (43). When a mix- 
ture of these two reduced compounds is allowed to oxidize during the 
preparation of the extract for chromatography, cysteine would tend to com- 
bine with the much greater quantity of reduced glutathione to yield a 
mixed disulfide (cf. (62, 63)), which moves close to oxidized glutathione 
on the Dowex 50-X4 column. If there were in tissues an appreciable mo- 
lar concentration of cysteine relative to that of glutathione, the chromato- 
grams would show much larger cystine peaks. 

Cystine in the hydrolysates of the extracts can arise in part from gluta- 
thione. In addition, it is clear that in the hydrolysate of urine a large 
amount of cystine comes from the decomposition of felinine. Westall (3) 
has shown that isolated felinine yields cystine when heated with HCl, and 
this conversion has been confirmed by chromatographic analyses in the 
present studies. However, there is little if any cystine in hydrolysates 
from kidney, bladder, brain, and gastrocnemius, despite the fact that all of 
the unhydrolyzed extracts contain appreciable quantities of glutathione. 
In earlier experiments with human blood plasma (6), it was noted that 
under some conditions cystine can apparently be oxidized to cysteic acid 
during hydrolysis, and in the present work many of the hydrolyzed samples 
give a large peak at the cysteic acid position (45 ml.). In all of the hy- 
drolyzed extracts but one, the quantity of cystine + cysteic acid accounts 
almost exactly for the cystine that could have arisen by hydrolysis of glu- 
tathione. The single exception is kidney, in which the yield of cysteic 
acid greatly exceeds the expected amount, indicating the presence in kid- 
ney tissue of either another bound form of cystine, or of a bound form of 
felinine, which contributes to the cystine + cysteic acid content of the 
hydrolysate. 

Taurine—The existence of relatively high concentrations of taurine in 
the free form (Dent (21)) in tissues (9, 11, 13, 18) is confirmed in the pres- 
ent studies, although the analyses for this constituent are not clear-cut in 
all cases. The value for taurine was unchanged by acid hydrolysis in four 
instances. In liver and gastrocnemius, however, the material moving to 
the taurine position was decreased after HCl treatment, indicating the 
presence in the unhydrolyzed extract of considerable quantities of an un- 
identified acid-labile constituent that emerges with taurine. For these 
two tissues, the post-hydrolysis figures for the amino acid are doubtless 
more nearly correct. In kidney and urine, on the other hand, the taurine 


pe 
ab 
his 
of 
pl: 
oft 
if 
oc 
e 
1) 
ch 
his 
is 
th 
b 
his 
cu 
mé 
b 
inc 
co 
cu 
co 
hi: 
th 
ag 
a 
th 
a 
tit 
a 
ac 
th 
m 
gr 


H. H. TALLAN, S. MOORE, AND W. H. STEIN 935 


peak rises after hydrolysis, indicating the probable presence of a measur- 
able amount of taurine in bound form. 
3-Methylhistidine—First identified as a urinary constituent (4), 3-methyl- 
histidine is found to occur in kidney at a concentration comparable to that 
of the other basic amino acids in the tissue. A trace is detectable in cat 
plasma and in human plasma (6). None is measurable in liver (at 750 
efluent ml. in Fig. 1), pancreas, brain, or bladder. In the gastrocnemius, 
if there is a bound form of 3-methylhistidine analogous to anserine, it can 
occur only at less than one-hundredth of the concentration of anserine. 
Anserine, Carnosine, and 1-Methylhistidine—These three compounds 
emerge together under the conditions employed in the present studies (Fig. 
1), and no attempt has been made to determine them separately by re- 
chromatographing a hydrolysate of a sample from the peak. 1-Methyl- 
histidine has been determined in the hydrolyzed extracts. Gastrocnemius 
is the only one of the six tissues in which relatively large amounts of the 
three are present, and the quantities of each can be estimated in this case 
by using the data from the hydrolysate of the total extract. From the 
histidine liberated by hydrolysis, the quantity of carnosine has been cal- 
culated to be 150 mg. per cent. The amount of anserine has been esti- 
mated to be 200 mg. per cent from the 6-alanine content of the hydrolysate 
by subtracting the 6-alanine contributed by carnosine. This calculation 
indicates that considerable quantities of free 1-methylhistidine (about 106 
mg. per cent) are present in gastrocnemius, since the 1-methylhistidine 
concentration in the hydrolysate (224 mg. per cent) is much greater than 
could have arisen by hydrolysis of the anserine. The validity of the cal- 
culations can be checked by comparing the calculated amount of ninhydrin 
color which should be found at the combined anserine-carnosine-1-methyl- 
histidine position in the chromatogram of the unhydrolyzed extract with 
that actually observed. When this is done for gastrocnemius, the values 
agree to within 15 per cent and the results are thus consistent. In bladder, 
a smooth muscle, the amount of carnosine and anserine cannot be more 
than 1 per cent of that found in the gastrocnemius, a striated muscle. 
y-Aminobutyric Acid—Roberts and Frankel (34), Awapara et al. (38), 
and Astrup et al. (11) have demonstrated that brain contains larger quan- 
tities of y-aminobutyric acid than other tissues. The present value of 24 
mg. per cent for cat brain is in agreement with the findings for other species. 
Other Principal Constituents—The amino acids present in the largest 
amounts in most tissues are glycine, alanine, and glutamic and aspartic 
acids. The dicarboxylic amino acids are virtually absent, however, from 
the blood and urine of the cat, as was found also to be the case for the hu- 
man (6, 8). Urea and creatinine may be determined from the chromato- 


grams if the compounds are present in amounts adequate to compensate for 
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their low color yields in the ninhydrin reaction (64). Estimates of urea 
in the tissues are included in Table I. Creatinine has been measured in 
urine. The hydrolysates of gastrocnemius, bladder, and brain contain 
measurable quantities of creatinine formed from tissue creatine during the 
heating with HCl. The values for creatinine obtained before hydrolysis 
of the extracts are much higher than is to be expected from the literature 
(52), indicating that appreciable conversion of creatine to the anhydride 
occurs during the preparation of the samples for chromatography. 

Constituents Present in Relatively Small Amounts—Ornithine is demon- 
strated for the first time to be a widely distributed tissue constituent. Ci- 
trulline, which is known to be present in human blood plasma (6, 23, 53) 
and epidermis (44), has not been detected in the amount of tissue extract 
employed in the present analyses. 

Horner and Mackenzie (65) have recently reported that sarcosine is a 
metabolite in the rat, and the compound has been isolated from the tissues 
of invertebrates (see Novellie and Schwartz (31)). The present analyses 
provide the first indication that sarcosine occurs in measurable concen- 
trations in extracts of mammalian tissues. The amount is small, however, 
and rigorous identification would be difficult. The values in Table I are 
taken from the chromatograms of the hydrolyzed extracts, since glutamine 
and asparagine overlap the sarcosine zone (2) in the unhydrolyzed extract. 
That the amino acid does not arise as a result of the hydrolysis of creatine 
or creatinine may be inferred from the fact that there appears to be more 
sarcosine in liver than in muscle. 

a-Aminoadipic acid and a-amino-n-butyric acid are also determined in 

the hydrolyzed extracts, since they are masked by glutathione when the 
“original extracts are chromatographed. Borsook et al. (30), in experi- 
ments with liver homogenates, showed aminoadipic acid to be a product of 
the metabolism of lysine. A small but definite peak at the aminoadipic 
acid position has been obtained in most of the chromatographic analyses 
of the hydrolyzed tissue extracts. a-Amino-n-butyric acid (Dent (21)) 
has frequently been reported to be a tissue constituent (10, 12, 19, 33). 
8-Aminoisobutyric acid, which has been found in human and rat urine 
(35, 36), appears to be present in barely detectable quantities in cat liver, 
kidney, and brain. The concentration of free B-alanine is higher in gas- 
trocnemius than in the other tissues.!. Ethanolamine has been reported in 
liver (32) and in urine (55, 56), but the approximate values obtained in 
the present investigation indicate that brain possesses the highest concen- 
tration. Among the common amino acids present in the smallest amounts 
in the tissues are arginine, tryptophan, tyrosine, phenylalanine, leucine, 
isoleucine, and methionine. 


1 Any glucosamine present would be included in the 6-alanine figures. 
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Unknown Ninhydrin-Positive Constituents—Unknown substances ap- 
pearing on the effluent curves at 120 to 130 ml. and at 400 ml. (Fig. 1) are 
encountered in all tissues. There is evidence in a few instances (Table I) 
for the existence of acid-labile substances at the taurine, valine, isoleucine, 
and 3-methylhistidine positions. In urine the number of unidentified 
peaks is considerably greater and includes acid-stable constituents emerging 
before lysine and after arginine and hydrolyzable constituents ahead of 
arginine. The chromatographic results thus indicate the presence of a 
half a dozen or more ninhydrin-positive compounds, the identification of 
which has not been undertaken in the present investigation. 

Conjugated Amino Acids—Previous studies have established the fact 
that glutamine and glutathione are the source of the major proportion of 
the increase in amino acids obtained after hydrolysis of an extract of liver 
tissue, and that anserine and carnosine are additional major sources of the 
increase with muscle (Christensen et al. (66)). The data in Table I in- 
dicate the existence in many tissues, particularly brain, of bound forms of 
aspartic acid in addition to asparagine.? As is true with human urine, the 
urine of the cat contains relatively large quantities of the bound forms of 
several amino acids, notably glycine, presumably in major part as hippuric 
acid and aspartic and glutamic acids. Both urine and tissues contain 
small but definite quantities of combined serine, threonine, proline, and 
lysine. A number of the bound forms of amino acids in unhydrolyzed ex- 
tracts apparently may be ninhydrin-negative and would not interfere with 
the analyses for free amino acids. Such forms could be detected by hy- 
drolysis of individual effluent fractions, as was done in the recent studies 
that have shown a major part of the bound glutamic acid of human urine 
to be present as phenylacetylglutamine (67). 


The authors wish to acknowledge the technical assistance of Miss Renate 
Mikk in the performance of these experiments. 


SUMMARY 


The ninhydrin-positive constituents of protein-free extracts of the tissues 
of the cat have been determined by ‘dada on 150 XX 0.9 cm. 
columns of Dowex 50-X4. Values have been obtained for the majority of 
the forty known components detectable in extracts of liver, brain, pan- 
creas, gastrocnemius, kidney, and bladder. Parallel analyses have been 
made on the blood plasma and urine. In addition to the common amino 
acids, the constituents studied have included phosphoethanolamine, glyc- 


* The high aspartic acid content of the hydrolyzed extract of brain caused the 
peak from this amino acid to overlap the adjacent one from threonine, and the whole 
zone has been calculated as aspartic acid. 
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erophosphoethanolamine, felinine, 3-methylhistidine, taurine, asparagine, 
sarcosine, a-amino-n-butyric acid, B-alanine, a-aminoadipic acid, B-amino- 
isobutyric acid, and ornithine. The results provide a detailed picture of 
the distribution of the amino acids and related compounds in each of the 
cat tissues and physiological fluids examined. Hydrolysates of the ex- 
tracts were also chromatographed in order to obtain information on the 
presence of conjugated amino acids. In addition to those present in glu- 
tathione, anserine, and carnosine, aspartic acid exists in bound forms in 
excess of the amount contributed by asparagine, and there are also measur- 
able quantities of conjugates of serine, threonine, proline, and lysine. 
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THE AMINO ACID COMPOSITION OF RIBONUCLEASE* 
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Among the properties of ribonuclease which make the protein particularly 
suitable for structural studies are its low molecular weight and its avail- 
ability in chromatographically homogeneous form (2). Studies on the 
chemical structure of the enzyme have been inaugurated by Anfinsen, Red- 
field, Choate, Page, and Carroll (3) and are also being pursued in this 
laboratory (1). As complete information as possible on the amino acid 
composition of the molecule is fundamental to such investigations. The 
first amino acid analyses of the protein were carried out by Brand (4). 
The present investigation concerns the application of more recent analyti- 
cal methods to a chromatographically purified preparation of ribonuclease 
A. 
In the following experiments, 22 and 70 hour acid hydrolysates have been 

analyzed by chromatography on columns of Dowex 50-X4 (5). As in the 
studies of Harfenist (6) on insulin, Smith and Stockell (7) on carboxypep- 
tidase, and Smith, Stockell, and Kimmel (8) on papain, the use of at least 
two periods of hydrolysis has proved desirable. The procedure permits 
corrections to be made for the decomposition of amino acids that appear to 
be unstable under the hydrolytic conditions and, furthermore, the use of 
the longer time of heating also insures nearly complete liberation of iso- 
leucine and valine from peptide linkages that may be relatively resistant 
to hydrolysis. The data thus obtained from the hydrolysates have made 
it possible to estimate the integral number of residues of each amino acid 
present in the intact molecule of ribonuclease. 


EXPERIMENTAL 


The ribonuclease A was a sample of the material previously described 
(2), which was obtained by chromatography on IRC-50 from a prepara- 
tion of bovine pancreatic ribonuclease recrystallized five times, obtained 
according to the method of Kunitz (9) and McDonald (10). The latter 
material was similar to the preparation analyzed by Brand (4). 

The sample was air-dried for 24 hours, and separate aliquots were simul- 
taneously weighed out for hydrolysis and for the determination of moisture, 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, Atlantic City, April 12-16, 1954 (1). 
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ash, total nitrogen, and sulfur. Moisture was determined by drying for 
3 hours (constant weight) at 100° and 0.1 mm. pressure over P2O;. The 
weights of the samples for elementary and amino acid analyses were cor- 
rected for moisture and ash (0.38 per cent). The nitrogen content of the 
protein (Kjeldahl) was 17.8 per cent and the sulfur content (Parr bomb) 
was 3.78 per cent, both values being higher than the 16.5 per cent N and 
2.84 per cent S reported by Brand (4). 

Each hydrolysis was performed on 2 to 3 mg. of ribonuclease which had 
been weighed directly into a 16 X 120 mm. heavy walled Pyrex tube. The 
protein was dissolved in 0.5 ml. of constant boiling, glass-distilled HC] 
(6 N), the solution was frozen in a bath of solid carbon dioxide and ethanol, 
and the tube was evacuated with an oil pump and sealed. The hydrolyses 
were conducted in pairs in an oven at 110° + 1°, the 70 hour hydrolysate 
being started 2 days ahead of the 22 hour hydrolysate. For safety, each 
tube was enclosed in a brass centrifuge cup. The two samples were re- 
moved from the oven simultaneously, and the cooled tubes were opened 
and the contents evaporated to dryness over NaOH pellets in a vacuum 
desiccator at room temperature for 20 hours. Each nearly colorless residue 
was dissolved in 0.5 ml. of warm water, and the solution was brought to 
pH 6.5 by the addition of 0.5 ml. of 0.2 m sodium phosphate buffer of pH 
6.5. The neutral solutions were allowed to stand unstoppered for 4 hours 
to oxidize any cysteine to cystine (11)! and were then brought to pH 2.4 
by the addition of 0.06 ml. of freshly prepared (to minimize contamination 
with NH;) n HCl and 2.0 ml. of 0.2 nN sodium citrate buffer at pH 2.2 con- 
taining BRIJ 35 and thiodiglycol (cf. (5)). Control experiments showed 
that there was no loss of NH; during this procedure. If not analyzed at 
once, the hydrolysates were stored in the frozen state. Amino acid analyses 
were performed by the current Dowex 50-X4 method (5) on columns pre- 
viously equilibrated at pH 3.1 and 30°. 

In order to provide a check on the amide-NH; values calculated from the 
chromatographic results, the amide nitrogen was determined independ- 
ently. The procedure used was essentially the same as that described by 
Laki et al. (13); the Conway microdiffusion technique was employed and 
NH; was determined by the photometric ninhydrin method. A solution of 
3 mg. of the protein in 2 ml. of 1 N H2SO, was heated for 4 hours in a 2 ml. 
stoppered volumetric flask in a water bath at 100°. (With ribonuclease, 
the same amide NH; values were obtained after 4 and 8 hours of hydroly- 
sis.) From the hydrolysate 0.4 ml. aliquots were added to Conway ves- 
sels containing 1 ml. of 0.02 N H2SO, in the inner chamber. The sample in 
the outer chamber was brought to pH 10 to 11 by the addition of 1 ml. of a 


' The present results do not provide information as to whether or not there are 
cysteine as well as cystine residues in the protein (cf. (3, 12)). 
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borate solution prepared by adding 50 ml. of 2 N NaOH to 200 ml. of satu- 
rated sodium tetraborate. The vessels were allowed to stand overnight at 
room temperature, and the solution in the inner chamber was then diluted 
to 10 ml., and 2 ml. aliquots were analyzed for NH; with 1 ml. of the modi- 
fed ninhydrin reagent (14). 

Independent determinations of cystine as cysteic acid were made by the 
method of Schram, Moore, and Bigwood (15). 

An approximate analysis for tryptophan was performed on an alkaline 
hydrolysate of the recrystallized ribonuclease employed as the starting 


‘ material for the preparation of ribonuclease A. A 10 mg. sample was 


heated for 8 hours at 90° in a Teflon test-tube with 1 ml. of 5 n NaOH. 
After neutralization with n HCl, the entire sample was chromatographed on 
a 30 cm. starch column with aqueous 0.1 N HCl as eluent (16). This pro- 
cedure has provided 75 per cent yields of tryptophan from proteins of known 
tryptophan content. A very small peak appeared at the tryptophan posi- 
tion, amounting to not more than 0.1 per cent of the protein. Since 1.5 
per cent tryptophan is required for 1 residue per molecule of ribonuclease 
(mol. wt. about 14,000), this experiment confirmed the conclusion of Brand 
(4) that the protein does not contain this amino acid. 


RESULTS AND DISCUSSION 


The elution curve obtained from a 70 hour hydrolysate of ribonuclease A 
is presented in Fig. 1. The only unusual feature of the curve is the ap- 
pearance of cystine as a double peak. When a 22 hour hydrolysate is 
chromatographed, the cystine peak may merely appear asymmetric and 
not show the valley seen in Fig. 1. The two peaks undoubtedly represent 
the meso and the p or L forms present in the mixture of stereoisomers 
known to arise by partial racemization when cystine is treated with hot 
acid. The same chromatographic behavior was exhibited by an ana- 
lytically pure sample of partially racemized cystine ([a]2’ —121°) isolated 
previously from an acid hydrolysate of bovine serum albumin (17). 

In Table I are presented the analytical data secured from three pairs of 
22 and 70 hour hydrolysates of ribonuclease. A comparison of the values 
in each set of analyses indicates substantial decomposition of serine, threo- 
nine, cystine, and tyrosine as the hydrolysis time is lengthened. In these 
particular experiments, aspartic acid (in two out of three instances), glu- 
tamic acid, proline, and arginine also appear to be decomposed to a small 
but measurable extent. 

The results of Smith and associates (7, 8), coupled with the present 
chromatographic analyses, emphasize the inadequacy of knowledge con- 
cerning the exact degree of lability of the different amino acids under the 
usual hydrolytic conditions. In a careful study, Rees (18) found the 
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Fic. 1. The amino acids in a 70 hour acid hydrolysate of ribonuclease A. Chro- 
matography of a hydrolysate from 2 mg. of protein was carried out on a 150 X 0.9 cm. 
column of Dowex 50-X4. The effluent was collected in 2 ml. fractions. The concen- 
trations of proline and cystine have been corrected for their relatively low color yields 
in the ninhydrin reaction to make the peaks comparable on a molar basis with those 
of the other amino acids. The absence of appreciable quantities of ethanolamine 
in this experiment is evidenced by the fact that no ninhydrin-positive material is 
left in the fractions comprising the ammonia peak after the addition of alkali and 
exposure to reduced pressure (open circles in the figure). Partial racemization of 
eystine during acid hydrolysis gives rise to the meso form, which moves slightly 
ahead of the pb or L isomers. 
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degree of decomposition of the hydroxyamino acids to be fairly reproducible, 
averaging 10 per cent for serine and 5 per cent for threonine after 24 hours 
in boiling 6 N HCl. In the present experiments, the loss of serine was 16 
per cent and that of threonine was 8 per cent when either a synthetic mix- 


TABLE 
Amino Acid Composition of Hydrolysates of Ribonuclease A 
The values are in terms of the anhydrous ash-free protein containing 17.8 per 
cent nitrogen. The figures in parentheses were not used in compiling the data in 
Table IL]. Tryptophan was determined independently after hydrolysis with alkali 
and found to be less than 0.1 per cent. 


| Amino acid per 100 gm. protein 


Amino acid Time of hydrolysis 

22 hrs. 70 hrs. 22 hrs. 70 hrs. 22 hrs. 70 hrs. 

gm gm. gm gm gm gm. 
Aepartic (14.1) (14.5) 14.5 13.5 14.3 12.8 
12.0 11.5 12.3 11.8 12.1 11.7 
1.67 1.69 1.73 1.50 1.62 1.61 
7.80 7.63 7.83 7.39 7.71 7.68 
7.55 7.65 7.66 7.15 7.46 7.46 
1.98 2.16 1.98 2.01 1.97 2.05 
(2.11) 2.84 (2.14) | 2.59 (2.19) 2.57 
9.57 7.52 9.96 6.71 9.19 5.66 
8.09 7.19 8.44 6.64 8.08 6.86 
(6.50) | (5.91) | (6.82) | (5.69) | (6.83) | (5.64) 
Methioninef.................. 4.01 4.43 3.98 3.97 3.81 3.88 
3.71 3.30 3.84 3.28 3.65 3.40 
Phenylalanine................ 3.70 3.51 3.51 3.53 3.12 3.42 
7.31 6.55 7.26 6.20 6.90 6.12 
4.08 4.16 4.37 4.43 4.07 4.19 
10.6 10.9 10.6 | 10.2 10.4 (9.12) 
4.90 4.75 4.88 4.43 4.75 4.55 
2.38 3.12 2.53 2.88 2.47 3.16 


* Determinations of cystine as cysteic acid by the method of Schram et al. (15) 
gave 7.00, 6.76, and 7.21 gm. of cystine per 100 gm. of protein. 

¢t The methionine values include a 10 per cent correction for loss during chroma- 
tography (5). 


ture corresponding to a hydrolysate of serum albumin (Table II) or ribo- 
nuclease (Tables I and III) was heated for 20 hours with 6 nN HCI in sealed 
tubes at 110°. Less decomposition was obtained by Smith and his associ- 
ates when carboxypeptidase (7) and papain (8) were hydrolyzed at 105°. 
Under these conditions, however, small but detectable quantities of peptjdes 
may still be present in the hydrolysate after 20 hours, according to Smith 
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and Stockell (7), and therefore the use of at least 110° would seem to be 
preferable in order to facilitate clear-cut interpretation of the effluent 
curves. Undoubtedly, temperature is one of the important variables that 
is not always adequately controlled in the hydrolytic procedure. A dif- 
ference of a few degrees may be expected to cause significant variations in 
the rates of the decomposition of amino acids, particularly serine and 
threonine, and, for this reason, care should be exercised to maintain con- 
stant conditions over the entire 20 to 70 hour heating period if subsequent 
extrapolations of the analytical data to zero time are to be meaningful. 
The fact that aspartic and glutamic acids may decompose to a detectable 
degree during hydrolysis was first observed by Smith and his associates (7, 


TABLE II 


Recoveries of Serine, Threonine, Cystine, and Tyrosine from Known Mizture Heated 
with 6 n HClI* 


Per cent recovery 
Per cent 
Amino acid Time of ‘‘hydrolysis”’ 
for 0 time 
22 hrs. 70 hrs. 23 hrs. 71 hrs. 
83.7 61.0 84.9 60.3 98 .6 
92.4 81.0 92.7 80.8 98.7 


* The synthetic mixture corresponded in composition to a hydrolysate of bovine 
serum albumin (16). The recoveries at zero time were calculated, assuming the 
decomposition to follow first order kinetics. 


8) and is also suggested by the data in Table I. No indications of such a 
loss were noted by Harfenist (6) in studies with insulin, however, nor was 
decomposition of the acidic amino acids observed in the present work when 
synthetic mixtures of amino acids were “hydrolyzed.’’ Further study is 
required to determine whether or not decomposition of aspartic and glu- 
tamic acids generally occurs, and whether it is catalyzed by trace impurities 
in the proteins or the reagents. Similar questions are raised by the results 
obtained with arginine and lysine (7, 8). Decomposition of proline (Table 
I) has also been observed when protein-free filtrates of blood plasma are 
hydrolyzed (11). 

A correction for the losses of those amino acids the quantities of which 
decrease with increasing time of hydrolysis has been made in the present 
study by extrapolation of the analytical results to zero time (cf. (7, 8)), 
assuming first order kinetics for the decomposition. 
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to ty 
log Ao = -) log A; — -) log Az 


In the calculation, Ai1, A2, and Ao are the quantities of amino acids present 
after t, te, and zero hours of hydrolysis, respectively. In Table II are given 
the recoveries obtained by the application of this method of calculation to 
the four constituents that undergo the greatest decomposition when a syn- 
thetic mixture of seventeen amino acids is exposed to the hydrolytic condi- 
tions. 

When applied to ribonuclease, this method of correction does not take 
into account the possibility that the rate of the decomposition of free amino 
acids may differ from that prevailing during the initial stages of protein 
hydrolysis. Furthermore, it is possible that, with proteins containing tryp- 
tophan or when the hydrolysis is conducted in more concentrated solution, 
decompositions may occur that will not follow a first order course. 

The amino acid composition of ribonuclease computed from the data in 
Table I is summarized in Table III. For most of the stable amino acids, 
the values represent the average of six determinations. Since the yield 
of isoleucine increases with time, only the data from the 70 hour hydroly- 
sates have been utilized for this constituent.2 The figure for aspartic 
acid is calculated from the two pairs of analyses that show a decrease with 
the time of hydrolysis. If this correction is not justified, the average value 
for aspartic acid would become 14.0 gm. per 100 gm. of protein. For the 
other labile amino acids, except cystine, the values represent the averages 
calculated from the three sets of paired analyses. Cystine was determined 
independently as cysteic acid in the performic acid-oxidized protein by a 
procedure not involving hydrolytic losses (14). 

Values for amide NH; could be estimated from the results of the analyses 
of the 22 hour hydrolysates by subtracting from the total NH; of the hy- 
drolysate* an amount of NH; corresponding to the calculated amount of 
decomposition of serine and threonine (see Rees (18)). The result was 
exactly the same as that obtained by more direct amide NH; determina- 
tions (Table ITI). 

The results of Brand (4), who analyzed crystalline material prepared 
according to Kunitz, are given for comparison in Table III. In most cases 
there is good agreement between the two sets of values. The data obtained 


? Residual isoleucyl peptides are not likely to interfere with the interpretation of 
the effluent curves because of the unusually low color yields which peptides of iso- 
leucine and valine seem to give in the nimhydrin reaction, as noted by Craig et all. 
(19) and discussed by Harfenist (6). 

>The NH; content of the 0.5 ml. of 6 Nn HCl used for the hydrolysis of the protein 
was checked and found to be negligible. 
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in the present study were used for the subsequent calculations in Table 
III. The analytical results account for 99 per cent of the weight of ribo- 


TABLE III 
Amino Acid Composition of Ribonuclease, Based on Analytical Data of Table I 


The values for the stable amino acids are the average of six determinations. 


Amino acid per Amino Calculated No. of 
; ; 100 gm. protein acid N as No. of residues te 
Amino acid residues per cent residues 
per 100 gm.}| of total N /for mol. wt. 
This work |Brand (4); protein 
gm. gm. gm. 
Aspartic acid.............. 15.0* | 14.2 13.0 8.86 15.8 16 
a 12.4* 13.0 10.9 6.64 11.8 12 
1.64 1.3 1.25 1.72 3.05 3 
7.49 7.3 6.34 5.03 8.95 9 
2.02 0 1.74 1.21 2.15 2 
2.67 3.1 2.30 1.60 2.85 3 
11.4* 12.0 9.44 8.54 15.0 15 
Threonine................|} 8.90* | 9.00 7.56 5.88 10.45 10 
eee 7.007 | 7.11 5.95 4.58 8.15 8 
Methionine................ 4.00 4.43 3.52 2.10 3.75 4 
3.94* | 3.6 3.32 2.69 4.79 5 
Phenylalanine............. 3.51 3.6 3.13 1.67 2.97 3 
7.60* | 7.93 6.84 3.30 5.87 6 
4.22 4.22 3.73 6.41 3.80 4 
10.5 10.4 9.22 11.3 10.0 10 
4.94* | 5.16 4.43 8.92 3.97 4 
2.07 2.49 9.58 17.0 (17)§ 


* Extrapolated values for the amino acids which show apparent decomposition 
during hydrolysis (Table I). 

+ The average of triplicate determinations of cystine as cysteic acid (Table I). 

t Average of two determinations of the amide NH; which yielded 16.7 and 17.3 
residues per molecule. The average value calculated from the chromatographic 
results (see the text) was 17.0 residues. 

§ The amide groups are not included in the summation of the amino acid residues. 

|| The molecular weight calculated on the basis of the integral numbers of residues 
is 13,895, including the terminal molecule of water and the amide groups. 


nuclease and 97 per cent of the total nitrogen. Cystine and methionine 
together, however, account for only 75 per cent of the total sulfur found by 
duplicate determinations in this laboratory, although they would account 
for the total sulfur content reported by Brand (4). No free sulfate ion 
could be detected in the preparation analyzed. The significance of the 
sulfur imbalance is not known. 
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The ribonuclease molecule is small enough so that there are less than 
10 residues of most of the individual amino acids per molecule of protein. 
If the analytical data are accurate within 4 per cent, it should be possible 
to calculate with assurance the relative number of residues of each of these 
amino acids to the nearest integer. In performing this calculation, with 
the data in the first column of Table III, an average minimal molecular 
weight of 14,000 was first computed by utilizing the fact that the residues 
of glycine, phenylalanine, valine, lysine, and alanine are present in almost 
exactly the integral ratios of 3:3:9:10:12. With a molecular weight based 
on the average of five of the most consistent analytical values, the molar 
ratios of all of the amino acids were calculated. The next to last column 
of Table III shows that a close approach to integral values was obtained 
in nearly all cases, a fact that engenders confidence in the purity of the 
enzyme. Threonine is one exception, and it is difficult to be sure of an 
accuracy greater than +1 residue for amino acids that decompose on hy- 
drolysis and are present in excess of 10 residues per molecule (aspartic acid, 
glutamic acid, serine, and threonine). From the integral numbers of 
amino acid residues in the last column of Table III, a molecular weight of 
13,895 can be calculated. 


The authors wish to acknowledge the technical assistance of Mrs. Ger- 
trude C. Carey, Miss Renate Mikk, and Miss Barbara T. Moran in the 
performance of these experiments. 


SUMMARY 


The amino acid composition of hydrolysates of chromatographically 
purified ribonuclease A has been determined by chromatography on col- 
umns of Dowex 50-X4. Analyses after acid hydrolysis for 22 and 70 hours 
indicate that under the hydrolytic conditions there is marked decomposi- 
tion of serine, threonine, tyrosine, and cystine and measurable decomposi- 
tion of glutamic acid, aspartic acid, proline, and arginine. Assuming each 
decomposition to follow first order kinetics, the data from the 20 and 70 
hour hydrolysates have been employed to estimate the amino acid compo- 
sition of the original protein. The corrected analytical values yield in- 
tegral numbers of residues for most of the amino acids and account for 97 
per cent of the nitrogen and 99 per cent of the weight of ribonuclease. The 
analyses indicate the following 126 amino acid residues in the ribonuclease 
molecule (mol. wt. 13,895): AspieGlui:2Gly3Alai2ValgLeuelleusSerisThrio- 
H2)17. 
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SYNTHESIS OF PHOSPHATIDES IN ISOLATED MITOCHONDRIA 
Ill. THE ENZYMATIC PHOSPHORYLATION OF GLYCEROL* 


By CLARK BUBLITZft ann EUGENE P. KENNEDY 


(From the Ben May Laboratory for Cancer Research and the Department of 
Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, June 19, 1954) 


Previous studies (1) have indicated that a-GP! is an important inter- 
mediate in the incorporation of radioactive inorganic phosphate into a 
phosphatide fraction of rat liver. The dependence of the incorporation on 
oxidative phosphorylation and the marked stimulation by the addition of 
free glycerol suggested that the first stages in this reaction sequence were 
the conversion of radioactive orthophosphate to ATP by oxidative phos- 
phorylation and the subsequent phosphorylation of glycerol by the radio- 
active ATP so generated. Evidence in support of this reaction sequence 
will be presented in this paper, in which will be described the purification 
and properties of an enzyme from rat liver which catalyzes the following 
reaction. | 


(1) ATP + glycerol — L-a-GP + ADP 


Kornberg and Pricer (2) have independently described the formation of 
phosphatidic acids from L-a-GP and have shown that fatty acid thio esters 
of coenzyme A are involved in the esterification reactions. 

The name glycerokinase seems to be appropriate and convenient for this 
enzyme, although the purified enzyme also phosphorylates dihydroxy- 
acetone and glyceraldehyde. 

In 1937, Kalckar (3) presented evidence for the presence of glycerokinase 
in kidney minces. He found that the addition of glycerol to kidney prep- 
arations during the course of oxidative phosphorylation stimulated the 
conversion of inorganic phosphate to an acid-resistant ester. Later he 
was able to isolate L-a-GP from his system (4). Indirect evidence for the 
existence of glycerokinase has also been presented by Barker and Lipmann 


* This investigation was supported by a grant from the Nutrition Foundation, 
Inc., and by a grant from the American Cancer Society recommended by the Com- 
mittee on Growth of the National Research Council. 

+ Fellow in Biochemistry of the Nutrition Foundation. 

1 The following abbreviations will be used in this paper: ATP = adenosinetriphos- 
phate; ADP = adenosinediphosphate; a-GP = a-glycerophosphate; BAL = 2,3- 
dimercaptopropanol; ITP = inosinetriphosphate; UTP = uridine triphosphate; 
DPN = diphosphopyridine nucleotide; DPNH = reduced diphosphopyridine nu- 
cleotide; Tris = tris(hydroxymethy])aminomethane. 
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(5), by Hauge et al. (6), and by Hers and Kusaka (7). However, it ap- 
pears that the purification and properties of this enzyme have not been 
previously described. 

Wood and his coworkers (8) and Swick and Nakao (9) have shown by 
isotope tracer studies that glycerol is metabolized by animal tissues in an 
“asymmetrical” fashion. The possible importance of glycerokinase in 
regard to this ‘“‘asymmetrical” metabolism will be described in the following 
paper (10). 

Materials and Methods 


A highly purified sample of pL-a-GP was the gift of Dr. Jean Sicé. Twice 
recrystallized bovine serum albumin was purchased from Armour and Com- 
pany. BAL was the product of the Mann Research Laboratories. The 
ATP and UTP used in these studies were the products of the Pabst Lab- 
oratories. DPN (of about 70 per cent purity), ITP, and p-chloromercuri- 
benzenesulfonic acid (of about 80 per cent purity) were purchased from the 
Sigma Chemical Company. 

p-Glyceraldehyde-3-phosphate dehydrogenase was a crystalline product 
kindly supplied by Dr. Frank Loewus. Aldolase, prepared by the method 
of Taylor, Green, and Cori (11), was the gift of Mr. V. Hospelhorn. A 
partially purified, highly active preparation of glycerophosphate dehydro- 
genase was obtained by the fractionation of rabbit muscle extract with 
ammonium sulfate by a procedure based on the work of Baranowski (12). 

The concentration of DPNH was measured spectrophotometrically, 
with an extinction coefficient of 6.22 K 10° sq. cm. per mole at 340 mu 
(13). Protein concentration was measured either by the spectrophoto- 
metric method of Warburg and Christian (14) or on a dry weight salt-free 
basis. Inorganic phosphate was determined by the method of Gomori 
(15). Acid-labile phosphate refers to the phosphate hydrolyzed by 1 nN 
sulfuric acid at 100° for 15 minutes. The concentration of stock solutions 
of ATP was determined spectrophotometrically, with an extinction co- 
efficient of 14.2 &K 106 sq. em. per mole in 0.01 N HCI (16) and by the con- 
tent of acid-labile phosphate. The concentration of UTP solutions was 
determined spectrophotometrically, with an extinction coefficient of 10.04 
X 10° sq. em. per mole at 262 my (17). 


EXPERIMENTAL 


Enzymatic Microestimation of u-a-GP—For the purpose of assaying glyc- 
erokinase, a method for the estimation of small amounts of L-a-GP was 
developed, in which the reaction catalyzed by the enzyme glycerophosphate 
dehydrogenase is utilized. 


(2) L-a-GP + DPN = DPNH 4+ dihydroxyacetone phosphate + H+ 


Since 
pr 
agel 
at ¢ 
agel 
of L 
buff 
deh 
min 
spe 
fact 
proc 
indi 
kno 
per 
kno 
con 
A 
to 
asse 
king 
of | 
7.4, 
witl 
At 
spe 
tior 
wit 
esti 
te 
bec 
pu 
alb 
zy 
the 
the 
Ove 
zy 
a li 


yas 
ite 


C. BUBLITZ AND E. P. KENNEDY 953 


Since the equilibrium for this reaction at neutral pH is much in favor of 
production of L-a-GP and DPN (12), it was necessary to add a trapping 
agent for the dihydroxyacetone phosphate formed and to run the reaction 
at an alkaline pH. MHydrazine functioned both as a suitable trapping 
agent and as an effective buffer. The system for the microdetermination 
of L-a-GP consisted of 1000 umoles of hydrazine-hydrazine hydrochloride 
buffer of pH 9.4, approximately 1.5 umoles of DPN, and 0.03 ml. of a-GP 
dehydrogenase. The total volume of the system was 2.0 ml. After a 45 
minute period of incubation at 37°, the DPNH formed was measured in a 
spectrophotometer. Under the conditions described, there was a satis- 
factorily linear relationship between amounts of DL-a-GP added and DPNH 
produced. 2 moles of DL-a-GP were required to reduce 1 mole of DPN, 
indicating that D-a-GP is not oxidized by this enzyme, which has long been 
known to be specific for L-a-GP (18). Yields of DPNH in excess of 90 
per cent of the theoretical were consistently obtained, and samples with 
known amounts of DL-a-GP were included with every batch of assays as 
controls. 

Assay of Glycerokinase—In adapting the microdetermination of L-a-GP 
to the assay for glycerokinase, it was found convenient to carry out the 
assay in two stages. The first stage consisted of an incubation of glycero- 
kinase with the following reagents in a total volume of 1.0 ml.: 25 uwmoles 
of KF, 1 umole of MgCle, 25 umoles of potassium phosphate buffer, pH 
7.4, 25 umoles of glycerol, 20 wmoles of freshly prepared cysteine neutralized 
with NaOH, and 6 umoles of ATP neutralized with either NaOH or KHCOQO3. 
At the end of the incubation period (30 minutes at 37°, unless otherwise 
specified), 1.0 ml. of 0.2 N metaphosphoric acid was added to the incuba- 
tion mixture. A 1 ml. aliquot of the deproteinized solution was neutralized 
with NaOH and added to the second stage, which consisted of the micro- 
estimation of L-a-GP as described in the previous section. Earlier at- 
tempts to use trichloroacetic acid for deproteinization proved unsuccessful 
because of the adsorption of L-a-GP on the protein precipitate. As the 
purification of the enzyme proceeded, it was found necessary to add serum 
albumin in order to obtain a protein precipitate at this stage. 

A unit of glycerokinase activity has been defined as that amount of en- 
zyme which catalyzes the formation of 0.1 umole of L-a-GP per hour under 
the conditions described. 

Under the conditions of this assay, there is a linear relationship between 
the amount of glycerokinase added and the amounts of L-a-GP formed 
over the range 0 to 10 units of enzyme. When a constant amount of en- 
zyme (2 to 3 units) is present, the phosphorylation of glycerol proceeds at 
a linear rate for at least an hour. 

Stability of Enzymes—Glycerokinase is stabilized by Versene and by very 
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low concentrations of glycerol (10-5 m). It is most stable at pH 4.6 to 
5.4. The enzyme was routinely stored in a medium containing 0.1 per 
cent glycerol, 0.001 m Versene, and 0.01 m acetate buffer of pH 5.1. 
Under these conditions the enzyme could be incubated at 60° for 80 min- 
utes without loss of activity. When it was heated to 70° for 10 minutes, 
the enzyme lost about 25 per cent of its activity. Heating the enzyme to 
80° or higher for 10 minutes resulted in complete loss of activity. Glycero- 
kinase was unstable when heated in the presence of magnesium ion or when 
shaken aerobically in the presence of cysteine. The enzyme was stable to 
freezing and thawing and could be stored in a deep freeze for several weeks 
with moderate loss of activity. The enzyme was less stable when stored 
at ice box temperatures. Glycerokinase could be lyophilized and stored as 
the lyophilized powder for several weeks without loss of activity. As the 
purification proceeded, the enzyme showed greater lability when stored in 
the frozen condition or in the ice box. Although active acetone powder 
could be made, all attempts to fractionate with organic solvents resulted in 
loss of activity. 

Fractionation of Enzyme—Forty normal adult rats were killed by de- 
capitation. The livers were removed and placed in cracked ice. All oper- 
ations were carried out at 0—5°, unless otherwise specified. A 20 per cent 
homogenate of these livers was made in 1 per cent KCl, 0.1 per cent glyc- 
erol, and 0.001 m Versene. The homogenization was carried out in a 
Waring blendor. 0.1 volume of 1.0 m acetate buffer of pH 5.1 was added 
dropwise with mechanical stirring to the homogenate. The precipitate was 
removed in a Sharples continuous centrifuge. 425 gm. of solid ammonium 
sulfate were added with stirring to 1500 ml. of the supernatant solution. 
The precipitate was centrifuged, taken up in about 150 ml. of 0.1 per cent 
glycerol, 0.01 m acetate buffer of pH 5.1, and 0.001 m Versene (dialyzing 
solution), and dialyzed overnight. The precipitate which formed during 
dialysis was centrifuged in a Servall centrifuge and washed with dialyzing 
solution three times. The combined extracts were then incubated at 60° 
for 80 minutes. The precipitate formed during this heat treatment was 
filtered and washed with dialyzing sclution. To 420 ml. of combined wash- 
ings and filtrate were added, in the manner described above, 104 gm. of 
solid ammonium sulfate. The precipitate was removed in a Servall cen- 
trifuge (Fraction A). To 450 ml. of the supernatant solution were added 
16.0 gm. of solid ammonium sulfate. This precipitate was centrifuged 
(Fraction B). To 445 ml. of the supernatant solution were added 15.8 
gm. of solid ammonium sulfate. After this precipitate (Fraction C) was 
removed, Fractions A, B, and C were taken up separately in a minimal 
volume of dialyzing solution and dialyzed overnight. These three frac- 
tions were then lyophilized. 

In Table I the fractionation data are summarized. The over-all re- 
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covery was 38 per cent, and Fraction B showed a purification of 169-fold. 
Fraction A, and to a lesser extent, Fraction B, contained a red pigment. 
There was no myokinase, ATPase, hexokinase, or phosphatase activity in 
Fraction A, B, or C. 3 

Stoichiometry—When the glycerokinase reaction was allowed to run to 
completion in the presence of limiting amounts of ATP, it was found (Table 


TABLE I 
Fractionation of Glycerokinase 


Fraction | Total activity Specific activity 
units unils per mg. protein 

47% saturated (NH,4)2SO,4 41,000 9.2* 
Supernatant after heat treatment.............. 30,700 22 .6* 


* Protein determined spectrophotometrically. In other cases, protein concen- 
tration is on the basis of salt-free dry weight. 


TABLE II 
Stoichiometry of Glycerokinase Reaction 
ATP added L-a-GP formed Acid-labile P 
umole umole umole 
0.16 0.17 —0.17 
0.32 0.33 —0.29 
0.48 0.47 —0.49 


The conditions for the first stage were exactly as described in the text, except that 
the period of incubation was 3 hours and phosphate buffer was replaced by Tris 
buffer of pH 7.4. 20 units of glycerokinase were added to each tube. Samples used 
for the determination of acid-labile phosphete were deproteinized with trichloroace- 
tic acid, rather than with metaphosphorie acid. 


Il) that for each mole of ATP added 1 mole of t-a-GP was formed and 1 
mole of acid-labile phosphate disappeared. These results are in agree- 
ment with the reaction written in Equation 1. The L-a-GP formed in this 
reaction was identified not only by the specific enzymatic micromethod, 
but also was isolated from the reaction mixture in several experiments 
by a chromatographic method to be described in the following paper (10). 
Nearly quantitative recoveries of L-a-GP were obtained in exactly the 
position found to be occupied by synthetic pL-a-GP in this procedure. 
Nucleotide Specificity—The ability of glycerokinase to transfer phosphate 
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to glycerol from UTP and ITP as well as from ATP was tested in the fol- 
lowing experiment. Limiting amounts (0.60 umole) of each of the nucleo- 
tides were incubated with an excess of glycerol and enzyme for 3 hours in 
order to cause the reaction to proceed to completion as far as possible. An 
almost quantitative yield of L-a-GP was obtained with ATP and UTP, but 
only about 7 per cent (0.04 umole) with ITP. The slight activity of ITP 
may perhaps be attributed to contamination with ATP. 

In another experiment, the rate of transfer of phosphate from UTP and 
ATP was compared in the presence and absence of added small amounts 
of ADP. The results are presented in Table III. It will be seen that the 
rate of phosphorylation with UTP is about three-fourths as rapid as with 
ATP. The addition of ADP (which in this system is completely inactive 


TABLE III 
Rate of Phosphorylation of Glycerol by ATP and UTP in Presence of ADP 
Nucleotides added Lt-a-GP formed 

umole 


The conditions for this experiment were the same as those described in the text 
except for the nucleotides added, which were varied, as shown above. 


in itself) depresses the rate of phosphorylation by both UTP and ATP, but 
is considerably more inhibitory with UTP. 

The possibility was considered that the activity of UTP in this system 
was the result of contamination of the UTP with small amounts of ADP 
and the presence in our purified glycerokinase of an enzyme catalyzing the 
following reaction. 


(3) UTP + ADP — ATP + UDP 


Although enzymes capable of catalyzing such reactions have recently 
been described (19, 20), this possibility is considered unlikely. The con- 
centration of adenine nucleotide present as contaminant in the UTP would 
hardly be high enough to permit the reaction to proceed at the rate ob- 
served. Secondly, unless one argued that the system is already saturated 
with ADP, the addition of small amounts of ADP should stimulate phos- 
phorylation with UTP as phosphate donor. As indicated in Table ITI, an 
inhibition rather than a stimulation is noted. 
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Optimal pH for Glycerokinase Activity—The glycerokinase of liver is 
active over a comparatively wide range of pH, but has a rather sharp op- 
timum at pH 9.8 under the conditions of our assay. Raising the pH above 
10 causes a precipitous fall in activity, as shown in Fig. 1. 
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Fig. 1. The conditions of this experiment were identical with those of the regular 
assay system except that a mixture of 25 wmoles of glycine and 25 umoles of Tris was 
used as buffer in the first stage. Varying amounts of KOH were added to give the pH 
values shown, which were measured with a glass electrode after all components of 
the system, including enzyme, had been mixed. 


Requirement for Sulfhydryl Growps—Considerable evidence has been ob- 
tained that intact sulfhydryl groups are required for glycerokinase activity. 
It has been mentioned that the enzyme is readily inactivated by shaking 
in air, particularly in the presence of added cysteine. The enzyme shows 
optimal activity only when one of a number of sulfhydryl-containing re- 
ducing agents is added to the test system. An experiment in which several 
such compounds have been tested is reported in Table IV. BAL is ap- 
parently the most effective of such compounds, while cyanide has but little 
effect. 
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Preincubation of the enzyme for 1 hour in 0.03 m Tris buffer, pH 7.4, 
with 0.005 m iodoacetamide completely inhibits its activity, while 0.005 
m p-chloromercuribenzenesulfonate inhibits 83 per cent. 

Requirement for Metallic Cofactor—As might be anticipated, glycerol is 
phosphorylated by glycerokinase at optimal rates only in the presence of 
divalent metal ions. The effect of magnesium on the enzyme reaction is 
shown in Table V. The optimal concentration for magnesium is about 
0.003 m. Higher concentrations are distinctly inhibitory. About 50 per 
cent of the optimal activity is observed in the absence of any added metal, 
even though the enzyme has, at several stages, been dialyzed against Ver- 
sene-containing buffers. 


TABLE IV 
Stimulation of Glycerokinase by Sulfhydryl Compounds 
Reducing agent, 20 wmoles per ml. L-a-GP formed 

umole 


The conditions of assay of glycerokinase were exactly as described in the text, 
except that cysteine was replaced by freshly made solutions of the compounds 
listed in the table. All reagents were neutralized immediately before use. 


Manganese at a level of 0.002 m completely replaces magnesium, while 
calcium ions at this concentration depress the rate of phosphorylation con- 
siderably below the level observed in the absence of added divalent cations. 

Phosphorylation of Dihydroxyacetone and Glyceraldehyde—The transfer 
of phosphate from ATP to acceptors, such as glycerol at neutral pH, in- 
volves the production of 1 equivalent of acid and thus can be followed by 
measuring the evolution of carbon dioxide from bicarbonate buffer in the 
Warburg apparatus. The following compounds, when tested in such an 
assay system, showed no appreciable activity as substrates: n-propanol, 
n-butanol, propanediol-1 ,2, propanediol-1,3, ethylene glycol, butanediol- 
1,4, erythritol, ribitol, myoinositol, p-glucose, p-fructose, pL-glyceric acid, 
and monohydroxyacetone. However, dihydroxyacetone was found to be 
phosphorylated at a rate about twice that of glycerol, and pL-glyceralde- 
hyde at a rate about 1.5 times that of glycerol. Apparently the same 
enzyme phosphorylates all three substrates, since no summation of rates is 
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observed when all three substrates are added together. Furthermore, the 
very drastic heat treatment (80 minutes at 60°) and the rather extensive 
purification of the enzyme render it rather unlikely that separate enzymes 
are involved. 

The only likely product of the phosphorylation of dihydroxyacetone in 
this system is dihydroxyacetone phosphate. In confirmation of this sup- 
position, it was found that the product formed by the enzymatic phos- 
phorylation of dihydroxyacetone brought about a very rapid oxidation of 
DPNH when incubated in the presence of glycerophosphate dehydrogenase 
at pH 7. 


TABLE V 
Effect of Magnesium Concentration on Glycerokinase Activity 

MgCle L-a-GP formed 
pumoles per ml. umole 
0 0.15 
0.01 0.15 
0.1 0.20 
1.0 0.28 
3.0 0.29 
6.0 0.21 
10.0 0.13 


The conditions were the same as those described in the text, except that phosphate 
buffer was replaced with Tris buffer. Prior to this experiment, the enzyme was di- 
alyzed against 0.01 m acetate buffer of pH 5.1 containing 0.1 per cent glyeerol in order 
to remove the Versene in which the enzyme was routinely stored. 


When the reaction product from the enzymatic phosphorylation of pL- 
glyceraldehyde was incubated with p-glyceraldehyde-3-phosphate dehy- 
drogenase in the presence of arsenate, no significant reduction of DPN was 
noted. When p-glyceraldehyde-3-phosphate was generated in this system 
by the addition of aldolase and fructose-1 ,6-diphosphate, an instantan- 
eous reduction of DPN was noted. It is concluded that the reaction prod- 
uct is not p-glyceraldehyde-3-phosphate and therefore is presumably the 
Lisomer. This conclusion is rendered more likely in view of the fact that 
the product of the phosphorylation of glycerol is the closely related L-a-GP. 

Réle of Glycerokinase in Phosphatide Synthesis—In previous studies (1), 
it was found that isolated, washed mitochondria contain all the enzymes 
necessary for the incorporation of inorganic phosphate into phosphatides. 
The rate of incorporation was approximately doubled by the addition of 
free glycerol and was again doubled upon the addition of an enzyme frac- 


_ tion from the supernatant fraction. In the present work, it was found that 


A, 

is 

of 

is 
ut 
yer 

al, 

Ig 

le 
n- 

S. 

er 

e 

n 

|- 
e 

e 

is 


960 SYNTHESIS OF PHOSPHATIDES. III 


glycerokinase is present largely in the supernatant fraction of sucrose ho- 
mogenates of rat liver. Accordingly, the effect of the addition of small 
amounts of purified glycerokinase to the isolated mitochondrial system was 
tested. The results are presented in Table VI. The uptake of radioactive 
phosphate was approximately doubled when the purified glycerokinase was 
added, indicating that the concentration of this enzyme is rate-limiting for 
this process. 


TABLE VI 
Effect of Glycerokinase on Phosphatide Synthesis in Isolated Mitochondria 


Total radioactivity of 
phospholipide, counts X 103 


The system used for measuring the incorporation of radioactive inorganic phos- 
phate into the lipide phosphorus fraction of isolated mitochondria has already been 
described (1). Purified glycerokinase (1.6 mg. or 160 units) was added as indicated. 


DISCUSSION 


It is now apparent that L-a-GP is a key compound in the synthesis of 
glycerophosphatides. Isotope dilution studies (1) with isolated mitochon- 
dria indicate that about 90 per cent of the phosphate incorporated into 
phosphatides passes through L-a-GP as an obligate intermediate. The 
work of Kornberg and Pricer (2) has also demonstrated directly the con- 
version of L-a-GP into lipide products. It has long been considered that 
one possible pathway for the formation of L-a-GP may be by way of glyco- 
lytic reactions leading to the production of dihydroxyacetone phosphate, 
which then may be reduced to form L-a-GP. The direct phosphorylation 
of glycerol has now been demonstrated in this paper and must be considered 
as an alternative pathway for L-a-GP formation. It is not possible with 
present information to decide which pathway is of greater quantitative 
importance for the incorporation of phosphate into phospholipides in the 
intact liver cell. 

Karnovsky and Gidez (21) have suggested that free glycerol is an obligate 
intermediate in the conversion of the glycerol moiety of ingested neutral 
fats to phosphatide glycerol. Presumably the free pres liberated by 
lipolysis is phosphorylated directly to L-a-GP. 

The inhibitory effect of ADP on the glycerokinase of liver described in 
Table III indicates that ATP and ADP have about the same affinity for 
the enzyme, while the affinity of both these adenine nucleotides is greater 
than that of UTP for the enzyme. The inhibition by ADP, together with 
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the sulfhydryl character of the enzyme, suggests a certain similarity be- 
tween glycerokinase of liver and the brain hexokinase described by Sols 


and Crane (22). 
The réle of glycerokinase in the conversion of glycerol to glycogen will be 
discussed in the following paper (10). 


SUMMARY 


An enzyme from rat liver which catalyzes the phosphorylation of glycerol 
to form L-a-glycerophosphate has been purified about 170-fold, and its 
properties have been described. The name glycerokinase is suggested for 
this enzyme, which also catalyzes, however, the phosphorylation of di- 
hydroxyacetone and L-glyceraldehyde. 

For optimal activity, the enzyme requires intact sulfhydryl groups and 
the presence of added magnesium or manganese ions. The rate of phos- 
phorylation with UTP as phosphate donor is about three-fourths that ob- 
served with ATP. ITP is not effective as a phosphate donor. 

An enzymatic micromethod for the estimation of L-a-glycerophosphate 
has been presented. 

The importance of glycerokinase for phosphatide synthesis has been dis- 


cussed. 
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A NOTE ON THE ASYMMETRICAL METABOLISM 
OF GLYCEROL* 


By CLARK BUBLITZf anp EUGENE P. KENNEDY 


(From the Ben May Laboratory for Cancer Research, and the Department of 
Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, June 19, 1954) 


Recent studies by Schambye, Wood, and Popjak (1) and Swick and 
Nakao (2) have shown that glycerol, although apparently a symmetrical 
molecule, may be metabolized asymmetrically, in confirmation of the hy- 
pothesis of Ogston (3). These workers have found that glycerol biologically 
synthesized from either carboxyl-labeled acetate or glucose-3,4-C™ gave 
rise to glycogen in the liver of the rat containing isotope principally in C-3 
and C-4. In both of these studies, the possibility was considered that the 
key reaction in the asymmetrical metabolism of glycerol during glycogen 
synthesis was its phosphorylation to L-a-glycerophosphate (L-a-GP). At 
the time that this work was done, however, no direct evidence concerning 
the enzymatic phosphorylation of glycerol was available, and the possibil- 
ity had to be considered that L-a-GP and its derivatives found in nature 
might be formed by other pathways. 

The results in the preceding paper (4) have demonstrated the direct phos- 
phorylation of glycerol to L-a-GP. These findings make it certain that 
the glycerokinase of rat liver does treat glycerol asymmetrically, since, if 
the enzyme could not distinguish between the two primary hydroxy]! groups 
of glycerol, a mixture of p-a-GP and L-a-GP would be produced, rather 
than the optically pure product which is actually formed. 

The generous gift by Dr. R. W. Swick and Dr. A. Nakao of a sample of 
glycerol synthesized by Saccharomyces chevalieri from glucose-3 ,4-C™ has 
made it possible to study the action of purified glycerokinase on this ma- 
terial. It was important to determine whether the L-a-GP produced en- 
zymatically from this material was labeled primarily in the carbon atom 
bearing the phosphorylated primary hydroxyl group (C-1)! or in the carbon 

* This investigation was supported by a grant from the Nutrition Foundation, 
Ine., and by7a grant from the American Cancer Society recommended by the Com- 
mittee on Growth of the National Research Council. 

t Fellow in Biochemistry of the Nutrition Foundation. 

1 Since a-GP is glycerol-1-phosphate, this system of numbering appears to be the 
only appropriate one. For the sake of consistency, the numbering of free glycerol in 
this paper will be such that C-1 of glycerol is that carbon which becomes C-1 of 
L-a-GP. This system of numbering is consistent with the well established con- 
vention (5) by which C-3 of L-a-GP becomes C-1 of L-glyceraldehyde-3-phosphate, 
but is the opposite of that used by Schambye et al. (1) and Swick and Nakao (2). 
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atom bearing the free primary hydroxyl group (C-3). If the label were 
found principally in C-1, then the glycerokinase reaction would be excluded 
as a pathway by which 3,4-labeled glycogen could be derived from this 
glycerol (Fig. 1). If the label were found principally in C-3, this would be 
consistent with the idea that glycerokinase is involved in the conversion of 
glycerol to glycogen. The results to be described here indicate that C-3 
of t-a-GP does contain about 83 per cent of the radioactivity of the whole 
molecule.. In addition, by the use of purified glycerokinase, it has been 
possible for the first time to determine the specific activities of all 3 carbon 
atoms of the biosynthetically labeled glycerol. For the purpose of com- 
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Fic. 1. Pathway of conversion of asymmetrically labeled glycerol to fructose-1, 
6-diphosphate. 


parison, the distribution of isotope in L-a-GP derived from glycerol-1 ,3- 
C-14 prepared by purely chemical methods was also studied. 


Materials and Methods 


The isolation of the labeled glycerol from cultures of S. chevalieri has 
already been described by Swick and Nakao (2). Glycerol-1,3-C-14, pre- 
pared by purely chemical methods, was purchased from the Isotopes Spe- 
cialties Company. The purification of the glycerokinase and other mate- 
rials and methods used in this study have already been reported (4). 

Chromatographic Procedure for Isolation of a-GP—For the purpose of iso- 
lation of L-a-GP in purified form from the enzymatic reaction mixtures, 
the following procedure was used. A column of Dowex | chloride, 47 em. 
in height and 1.6 cm. in diameter, was washed with 1.0 m sodium acetate 
until no chloride ion could be detected in the effluent and finally was washed 
with distilled water. A neutral solution of L-a-GP (and other components) 
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was then passed over the column, which was again washed with water. The 


column was then eluted with acetate buffer by an arrangement of apparatus 


similar to that described by Busch, Hurlbert, and Potter (6). The mixing 
chamber contained 500 ml. of distilled water initially, while the reservoir 
contained 1000 ml. of 1.0 m acetate buffer of pH 6.0. The flow rate was 
16 ml. per hour. DL-a-GP appears in the eluent between 232 and 256 ml., 
and may be separated by this method from added £-glycerophosphate 
(256 to 288 ml.). pDL-a-GP and 6-GP were determined by the method of 
Burmaster (7). L-a-GP was also determined by the enzymatic micro- 
method already described (4). 


EXPERIMENTAL 


Enzymatic Phosphorylation of Two Types of Labeled Glycerol—The incu- 
bation mixture for the enzymatic phosphorylation of the labeled glycerol 
contained the following components in a volume of 3.0 ml.: potassium 
fluoride, 25 ymoles; magnesium chloride, 4 uwmoles; glycine buffer, pH 9.4, 
100 umoles; 2,3-dimercaptopropanol, 30 umoles; adenosinetriphosphate, 
35 umoles; dialyzed crystallized serum albumin, 4 mg.; glycerokinase, 200 
units; and glycerol, 21 umoles. After 3 hours incubation at 37°, the solu- 
tion was diluted to 50 ml. and L-a-GP was isolated by chromatography on 
Dowex 1 acetate as described above. Essentially all of the glycerol was 
phosphorylated under these conditions, as shown by the enzymatic micro- 
method for L-a-GP. The labeled L-a-GP chromatographed exactly as did 
the known Di-a-GP in this system. Recovery of L-a-GP was almost quan- 
titative. 

Degradation of Glycerol and L-a-GP—When glycerol is subjected to peri- 
odate oxidation, C-1 and C-3 are oxidized to formaldehyde and C-2 is oxi- 
dized to formic acid. When a-GP is oxidized under these conditions, only 
C-3 appears as formaldehyde, C-1 and C-2 appearing as glycolaldehyde 
phosphate (7). Thus the radioactivity of C-1,3 and C-2 may be deter- 
mined from degradation of free glycerol, while C-3 may be obtained from 
the degradation of Lt-a-GP derived from this glycerol. C-1 then may be 
calculated. 

Formaldehyde was isolated after periodate oxidation of free glycerol as 
the crystalline dimedon derivative (8). The formaldimethon was recrystal- 
lized from ethanol and finally redissolved in ethanol. The concentration 
was determined spectrophotometrically with an extinction coefficient of 
23.9 X 106 sq. cm. per mole at 261 mu. Aliquots of this alcoholic solution 
were then dried in aluminum cups and counted in a windowless gas flow 
counter under conditions of negligible self-absorption. This procedure 
yielded the specific activity of C-1,3. 

Formic acid derived from C-2 of glycerol was isolated by steam distilla- 
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tion and quantitatively determined by microtitration. Aliquots of the 
neutralized solution were then dried in aluminum cups and counted under 
conditions of negligible self-absorption. C-3 of the isolated L-a-GP was 
isolated and counted as formaldimethon exactly as described for C-1,3 
of the free glycerol. 

The results are reported in Table I. It will be seen that about 83 per 
cent of the radioactivity of the biologically synthesized asymmetrically 
labeled glycerol and of the t-a-GP derived from it is found in carbon3. C-1 
has about 17 per cent as much radioactivity as C-3, while C-2 has only 
about 4 per cent. The uncertainty of the determination of C-1 is some- 
what larger than for the other atoms, since it is arrived at by difference. 
In the case of the chemically synthesized glycerol-1 ,3-C™, it will be seen 
that the label is equally distributed between C-3 and C-1. 


TABLE I 


Distribution of C4 in Biosynthetically Labeled Glycerol and Chemically Labeled 
Glycerol and in L-a-GP Derived from These Compounds 


Specific activity, c.p.m. per microatom C 


C-1,3 C-2 C-3 C-1 
Biosynthetic glycerol.................... 1544+ 4/1141/ 2623); 4548 
Chemically labeled glycerol-1,3-C%....... 352 + 3 357 + 3 | 347 + 4 


The values include the standard errors. The value for C-1 was calculated accord- 
ing to the formula C-1 = 2C-1,3 — C-3. 


DISCUSSION 


The results obtained in the present investigation offer further experi- 
mental support for the suggestion put forth by Schambye, Wood, and 
Popjak (1) that the enzymatic phosphorylation of glycerol is a primary 
step in the asymmetrical metabolism of this compound by rat liver. The 
sequence of reactions by which C-3 of glycerol may be converted to C-3 
and C-4 of fructose-1 ,6-diphosphate is shown schematically in Fig. 1. For 
the purpose of this discussion, the smaller amounts of labeling in C-1 and 
C-2 of the glycerol may be ignored. It is seen that L-a-GP with an isotope 
distribution found in this study gives rise to dihydroxyacetone phosphate 
labeled in the carbon atom bearing the unphosphorylated primary hydroxy] 
group and is thus a direct precursor of C-3 of fructose-1 ,6-diphosphate. 
Equilibration of dihydroxyacetone phosphate with p-glyceraldehyde-3- 
phosphate introduces the isotope into the 4 position as well. Incomplete 
equilibration of the trioses is probably responsible for the preferential in- 
corporation of isotope into the 3 position, as Schambye, Wood, and Popjak 
have already pointed out. 
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It is of some interest to note that the conversion of C-3 of L-a-GP to C-1 
of p-glyceraldehyde-3-phosphate by way of dihydroxyacetone phosphate 
has brought about an inversion of the configuration of C-2. 

The finding (4) that glycerokinase also catalyzes the phosphorylation 
of dihydroxyacetone and of L-glyceraldehyde suggests further functions of 
this enzyme in carbohydrate metabolism, but the physiological significance 
of these reactions remains obscure. 


SUMMARY 


The biologically synthesized, asymmetrically labeled glycerol obtained 
by Swick and Nakao from Saccharomyces chevalieri fermentation has been 
enzymatically phosphorylated by the purified glycerokinase of rat liver, 
and the distribution of isotope in the L-a-GP so produced has been deter- 
mined. About 83 per cent of the total radioactivity is in the carbon atom 
bearing the unphosphorylated primary hydroxyl. The C™ in chemically 
synthesized glycerol and the L-a-GP derived from it is equally distributed 
between C-1 and C-3. The implications of these findings for the mechan- 
ism by which glycerol is converted to glycogen are discussed. 

A chromatographic method for the isolation of L-a-glycerophosphate and 
the separation of this compound from 8-glycerophosphate is also described. 
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Experiments in several laboratories (1-3) have shown that in a variety 
of normal and malignant tissues the phosphorus of the phosphoprotein 
fraction undergoes a high rate of turnover, as measured by incorporation of 
p®, This high rate of metabolic activity is particularly striking in the 
Ehrlich ascites tumor (3) and in the Yoshida sarcoma (4). 

Although considerable doubt had been expressed previously as to the 
identity of the active components in the crude phosphoprotein fraction, 
Kennedy and Smith (5) have isolated radioactive phosphoserine of very 
high specific activity from the phosphoprotein of Ehrlich ascites tumor cells. 
This finding offers conclusive evidence that the phosphorus of phosphopro- 
teins is indeed renewed at a remarkably high rate in this tumor. 

While the physiological significance of the rapid turnover of the phospho- 
protein phosphorus remains unknown, the fact that it is observed in such a 
wide variety of tissues suggests a function of some importance. It is ob- 
vious that more information as to the enzymatic mechanisms involved is 
needed. Considerable work has been done on the enzymatic dephosphor- 
ylation of phosphoproteins by both specific and non-specific phosphatase 
preparations (6-8), but almost nothing is known about the enzymatic phos- 
phorylation of proteins. Barth and Jaeger (9) have offered indirect evi- 
dence of a rather complex nature which they interpret as suggesting the 
transfer of phosphorus from one protein to another in the developing frog 
egg. Friedkin and Lehninger (10) described the incorporation of inorganic 
phosphate labeled with P® into the phosphoprotein fraction of washed rat 
liver particles in a reaction dependent upon oxidative phosphorylation. 

The present report will describe the finding in rat liver mitochondria and 
in soluble extracts of mitochondria of an enzyme capable of catalyzing the 
phosphorylation of a protein substrate by ATP.! The reaction is followed 


* This investigation was supported by a research grant, No. C-2093, from the 
National Cancer Institute of the National Institutes of Health, United States Public 
Health Service, and by a grant from the American Cancer Society recommended by 
the Committee on Growth of the National Research Council. 

1! The following abbreviations will be used in this paper: ATP = adenosinetri- 
phosphate; TCA = trichloroacetic acid; Tris = tris(hydroxymethy])aminomethane; 
DNP = 2,4-dinitrophenol. 
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by measuring the transfer of radioactivity from labeled ATP to acid-stable 
linkages in the protein. The radioactivity in the phosphoprotein may be 
accounted for almost quantitatively as phosphoserine, indicating that the 
principal if not the sole site of phosphorylation is on serine hydroxy] groups. 


Materials and Methods 


Inorganic orthophosphate labeled with P® was obtained from the Atomic 
Energy Commission and was purified before use by a method already de- 
scribed (11). 

Two different lots of casein of “‘highest purity”? grade from the Pfanstiehl 
Chemical Company as well as one lot from General Biochemicals, Inc., 
were used in this study. No difference in activity of casein from these 
different sources was noted. Samples of purified a-casein and #-casein 
were the generous gift of Dr. T. L. McMeekin of the Eastern Regional 
Research Laboratory. Other purified proteins tested were purchased from 
Armour and Company. Prior to use, all proteins were adjusted to pH 
7.4 and then were dialyzed against 1 per cent KCl or 0.05 m Tris buffer 
(pH 7.4). 

Mitochondria were isolated from isotonic sucrose homogenates by meth- 
ods already described (11). Acetone powder preparations of mitochondria 
were made by homogenizing freshly prepared mitochondria in 20 volumes 
of cold (—25°) acetone. The precipitate was washed several times with 
cold acetone and dried under vacuum. 

The phosphoprotein fraction was isolated for routine assay by a variation 
of the method of Schneider (12). The final residue was washed several 
times with acetone, dried in aluminum cups, and counted in a windowless 
gas flow counter of conventional design. The phosphoprotein fraction so 
isolated is grossly impure (1, 5) but the chief radioactive component is 
phosphoprotein (5). 


EXPERIMENTAL 


Phosphorylation of Added Proteins by Isolated Mitochondria—The work 
of Friedkin and Lehninger (10) had indicated that the washed insoluble 
particles from rat liver homogenates incorporate radioactive inorganic 
phosphate into the phosphoprotein fraction of the enzyme preparations at 
a rather rapid rate. This fact suggested that rat liver mitochondria might 
be a convenient starting material for the study of enzymes capable of phos- 
phorylating proteins. Mitochondrial enzyme preparations also have the 
advantage of catalyzing the reactions of oxidative phosphorylation (13) so 
that inorganic phosphate labeled with P® is converted into labeled ATP. 
The phosphorylation of proteins by the labeled ATP so generated can 
readily be followed by tracer techniques. 
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The ability of the mitochondrial enzyme systems to phosphorylate pro- 
teins other than those present in the mitochondrium was tested by the fol- 
lowing technique. Various purified proteins were added to mitochondrial 
suspensions which were carrying out vigorous oxidative phosphorylation 
under conditions known to bring about the incorporation of radioactive 
phosphate into the mitochondrial phosphoprotein fraction. The phos- 
phorylation of added protein over and above that of the mitochondrial 


TABLE 
Phosphorylation of Added Proteins by Mitochondrial Enzymes 


Total radioactivity of phosphoprotein, c.p.m. 
Protein added 
Mitochondria Mitochondria | Control (TCA 

only + protein at 0 time) 
y-Globulin (bovine)...................... 631 596 10 
Serum albumin (bovine)................... 631 465 10 


The reaction was carried out in a final volume of 3.0 ml. containing 15 umoles of 
MgCl2, 100 wmoles of sodium glutamate, 100 uwmoles of Tris buffer of pH 7.4, P* 
(about 1 we.), rat liver mitochondria (about 20 mg.), and 50 mg. of added protein as 
indicated. Incubation for 60 minutes at 30° with shaking in a Dubnoff apparatus, 
with air as gas phase. In all subsequent experiments with casein as substrate, the 
same system was employed except that only 25 mg. of protein were used per reaction 
vessel. 


proteins should bring about an increase in the total radioactivity found in 
the phosphoprotein fraction. A number of proteins were tested, with the 
results reported in Table I. Of the proteins tried, only casein showed a 
large and reproducible phosphorylation. Smaller increases in radioactivity 
of phosphoprotein fraction were also noted with ovalbumin as the substrate, 
but, since these effects were not readily reproducible, experiments with this 
substrate were not further pursued. 

Isolation of Radioactive Casein—It was recognized that in these experi- 
ments the net increase in the radioactivity of the phosphoprotein fraction 
might be attributed to effects other than the phosphorylation of the added 
casein. First, it is known that the adsorption of inorganic phosphate and 
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other acid-soluble components of high specific activity on the TCA pre- 
cipitates may under some conditions be quite significant. This possibility 
was eliminated by suitable zero time controls in which the reaction was 
terminated immediately after the addition of mitochondria by the addition 
of TCA (Table I). No increase in the level of radioactivity of the zero 
time controls was noted in the presence of added casein. 

Another objection to the conclusion that casein is phosphorylated in these 
experiments is the possibility that the added casein stimulates phosphoryla- 
tion of mitochondrial phosphoprotein in some unknown manner, while not 
undergoing phosphorylation itself. The following experiment was per- 
formed to test this hypothesis. Aliquots of the mitochondrial enzyme 
suspension, with and without added casein, were removed from the bath 


TaBLeE II 
Failure of Casein to Stimulate Phosphorylation of Mitochondrial Proteins 


Total radioactivity of phosphoprotein, c.p.m. 
0 min. 5 min. 10 min. 20 min. 

Mitochondria only 

Supernatant 4 30 47 

Pellet 4) 107 115 173 
Mitochondria + casein 

Supernatant 2 431 981 1419 

Pellet 37 92 129 158 


Experimental conditions identical with those of Table I. 


and chilled to 0°. The mitochondria were immediately separated from 
the soluble protein by centrifugation at 0°. The mitochondrial precipitate 
and the soluble supernatant solution were then fractionated separately and 
the phosphoprotein fractions counted. The results presented in Table 
II indicate that there is no stimulation of incorporation of radioactivity into 
the phosphoprotein of the mitochondria by added casein, but rather that 
there is a considerable phosphorylation of a soluble protein when casein is 
added. 

More direct evidence for the formation of radioactive casein in these 
experiments was obtained by the isolation of casein from the supernatant 
fluid of the mitochondrial enzyme suspension by isoelectric precipitation. 
The enzyme incubation and removal of mitochondria were carried out as 
described in the previous experiment. The supernatant solution was ad- 
justed to pH 4.7 by the addition of acetic acid, and the precipitate was 
removed by centrifugation. A suitable aliquot was removed, plated, 
weighed, and counted. The precipitate was then dissolved with the aid of 
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a little alkali and reprecipitated. This procedure was then repeated once 
more. The results are given in Table III. It can be seen that the specific 
activity of the casein remains essentially constant through three precipita- 
tions. These findings, together with the fact that there is no significant 
amount of soluble radioactive phosphoprotein derived from the mitochon- 
drial enzyme preparation itself, leave little doubt that it is the casein which 
is phosphorylated in these experiments. 

Site of Phosphorylation of Casein—It is of obvious importance to know 
which amino acid residue in the casein molecule is phosphorylated by the 
mitochondrial enzyme. Accordingly, radioactive casein was isolated from 
the mitochondrial reaction mixture by the method described above, washed 
thoroughly, and diluted with 10 gm. of carrier casein. The specific activity 
of the casein P at this point was 13,700 c.p.m. per milliatom of P. After 20 


TABLE III 
Specific Activity of Isolated and Reprecipitated Casein 
Precipitation No. Casein C.p.m. C.p.m. per mg. 
mg. 

1 12.7 522 41.2 

13.3 551 41.3 

2 10.7 440 41.2 

11.5 453 39.5 

3 8.0 342 42.7 

7.8 323 41.3 


hours hydrolysis in 2 nN HCl, phosphoserine (37 mg.) was isolated in crystal- 
line form from the hydrolysate by methods previously published (5). The 
specific activity of the phosphoserine after recrystallization was 11,200 c.p.m. 
per atom of P. The specific activity was not altered by a second recrystal- 
lization. The specific activity of the phosphoserine is thus about 82 per 
cent of that of the crude radioactive casein. The higher specific activity . 
of the crude casein is at least in part the result of contamination of the 
phosphoprotein with inorganic P® and ATP® of very high specific activity. 
It seems safe to conclude that the principal site of phosphorylation is on 
serine hydroxyl groups. This is consistent with the previous finding that 
phosphoserine is the only detectable radioactive phosphorylated amino 
acid in the metabolically active phosphoprotein of the Ehrlich ascites tu- 
mor (5). 

Mechanism of Phosphorylation—It was of interest to know whether the 
incorporation of radioactive phosphate into the casein molecule proceeded 
by a pathway involving turnover of the entire serine residue as well as of 
the phosphate, or alternatively, whether the incorporation was due to phos- 


y 
iS 

n 

O 
rt 

e 

h 


974 PHOSPHORYLATION OF PROTEINS 


phorylation of serine residues in the intact protein molecule. If the first 
pathway is involved, then the addition of large amounts of unlabeled phos- 
phoserine to the reaction mixture should result in a sharp reduction of the 
incorporation of radioactivity, since the specific activity of the free phos- 
phoserine which is an intermediate under this hypothesis would be greatly 
reduced. An experiment to test these alternatives is shown in Table IV. 
It was found that the addition of relatively large amounts of unlabeled 
phosphoserine did not significantly alter the amount of radioactivity in- 
corporated. It is concluded that free phosphoserine is probably not an 
intermediate in the incorporation of radioactive phosphate into the casein. 
This conclusion also receives some support from the fact that, although a 
diligent search was made for enzymes capable of phosphorylating free 
serine, no significant activity of this kind could be detected. 


TaBLe IV 
Mechanism of Casein Phosphorylation 


Total radioactivity of 
phosphoprotein, c.p.m. 


2. 10 wmoles phosphoserine added................. 4461 


The complete system was that described in Table I. 25 mg. of casein were added 
to all except Vessel 4. Varying amounts of phosphoserine were added as shown. 


Effect of Concentration of Added Casein—An experiment in which the 
amount of added casein was varied over a 20-fold range is illustrated in 
Fig. 1. It can be seen that the enzyme system is saturated only at high 
casein concentrations. This is not surprising in view of the high molecular 
weight of the substrate, together with the difficulty that must exist in pene- 
trating to the actual site of the mitochondrial enzyme. It is indeed rather 
surprising that such a large molecule is acted upon by a mitochondrial 
enzyme at all, suggesting the possibility that the protein phosphokinase 
activity is localized on a comparatively accessible area of the mitochondrial 
surface. 

Intracellular Localization of Protein Phosphokinase—It is known that the 
enzyme system which catalyzes the reactions of oxidative phosphorylation 
is localized in the mitochondria of the rat liver cell (13). Since to study 
the phosphorylation of protein in these experiments the tracer P® is added 
as inorganic phosphate, and it is necessary to incorporate this label into 
labeled ATP by oxidative phosphorylation, it is clear that mitochondria 
must be an essential component of the over-all enzyme system. How- 
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ever, it was conceivable that large amounts of protein phosphokinase were 
present in other cytoplasmic fractions, but could not be detected because 
of lack of oxidative phosphorylation capacity. If this were the case, ad- 
dition of these fractions to mitochondrial systems carrying out oxidative 
phosphorylation should result in an increase in the phosphorylation of 
casein. Accordingly, recombination experiments were performed in which 
portions of the nuclear fraction and supernatant solution were added to the 
isolated mitochondrial system. Only a slight stimulation of casein phos- 
phorylation could be observed with added supernatant solution, as indi- 
cated in Table V. It may be concluded from these results that protein 
phosphokinase is present chiefly in the mitochondria. 


PHOSPHOPROTEIN 
TOTAL RADIOACTIVITY 


CASEIN ADDED (MGMS.) 


Fig. 1. Effect of concentration on casein phosphorylation 


Cofactor Requirements for Mitochondrial Protein Phosphokinase—In these 
experiments, in which intact mitochondria carrying out oxidative phos- 
phorylation are used as enzyme system, it is to be expected that the phos- 
phorylation of added casein will show a requirement for added cofactors 
essentially similar to that of the oxidative phosphorylation system itself. 
The experiment reported in Table VI supports this assumption. The 
omission of magnesium ion or glutamate, or the addition of 2,4-dinitro- 
phenol, a known inhibitor of oxidative phosphorylation, reduces phos- 
phorylation to low levels. Curiously enough, the omission of added ATP 
brings about an increase in the radioactivity of the phosphoprotein. This 
effect is probably the result of the presence of small but significant amounts 
of adenine nucleotide in the enzyme preparation itself. Radioactive ATP 
generated from this endogenous adenine nucleotide is not diluted by added 
unlabeled ATP. Consequently, the specific activity of the ATP is much 
higher, leading to high radioactivity of the phosphoprotein fraction. 
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Specificity of Protein Phosphokinase—The results shown in Table I indi- 
cate that the protein phosphokinase of mitochondria is rather specific, in 
that it does not phosphorylate a wide variety of proteins containing serine 
and threonine. It is apparent that certain configurations of the protein 


TABLE V 
Intracellular Localization of Protein Phosphokinase 
Total radioactivity of 
phosphoprotein, ¢.p.m. 
7642 


The enzyme system used in this experiment was identical with that of Table I. 
The supernatant fraction consisted of that portion of the homogenate which was not 
sedimented by 30 minutes centrifugation at 20,000 X g and contained microsomes as 
well as the soluble protein of the liver cell. The nuclear fraction was contaminated 
to some extent with whole cells and mitochondria. 0.2 ml. of a suspension of nuclei 
or of supernatant solution was added as indicated. 


TaBLeE VI 
Cofactor Requirements for Mitochondrial Protein Phosphokinase 


Total radioactivity of 

phosphoprotein, c.p.m. 


The components of the complete system are described in Table I. 


molecule are required for phosphorylation to take place. Whatever these 
structural features may be, it is apparent that they are present only in 
casein of all the proteins tested, with the possible exception of ovalbumin. 
It was thought that casein chemically dephosphorylated by treatment with 
alkali at 37° (14) might be an even better substrate than the native casein, 
since presumably more sites for phosphorylation would be cleared by this 
chemical treatment. However, when alkali-treated casein was tested, it 
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was found to be completely inactive. It is recognized that treatment with 
normal alkali at 37° is a drastic procedure, but some of the casein survives 
this treatment as a non-dialyzable TCA-precipitable protein derivative in 
which apparently most of the peptide linkages are intact. These results 
suggest that the protein phosphokinase requires not only the presence of 
serine residues in certain amino acid sequences, but also that the folding or 
configuration of the proteins as a whole may be involved. 

It is known that commercial casein is a mixture of several components 
(15), principally a-casein and B-casein. Purified samples of a-casein and 
B-casein were made available through the generosity of Dr. T. L. Me- 
Meekin. When these were tested separately in the enzyme system (Table 
VII), it was found that the phosphorylation of a-casein is about 4 times 
greater than that of 6-casein. However, other experiments in which the 


TABLE VII 
Phosphorylation of a-Casein and B-Casein 


Total radioactivity of 
phosphoprotein, c.p.m. 


Mitochondria with no added casein...................... 877 
oe + unfractionated casein................... 2847 


2.5 X 105 ¢.p.m. of P%? per reaction beaker. 25 mg. amounts of each type of casein 
were added where indicated. 


concentrations of the substrates were varied made it clear that the activity 
of the B-casein is quite significant and is probably not the result of contam- 
ination of the B-casein by small amounts of a-casein. The fact (Table 
VII) that purified a-casein is somewhat more readily phosphorylated than 
unfractionated commercial casein eliminates the possibility that the ac- 
tivity of the commercial product is due to some minor component of ex- 
tremely high activity. 

Experiments with Soluble Protein Phosphokinase—A severe limitation on 
the type of experiment described above is the necessity for working with 
intact mitochondria as enzyme system in order to generate radioactive 
ATP. To eliminate this restriction, radioactive ATP labeled largely in 
the terminal phosphoric acid moiety was prepared by phosphorylating 
adenosinediphosphate in a mitochondrial enzyme preparation with in- 
organic phosphate labeled with P®. Fluoride was added to inhibit myo- 
kinase (16). The ATP® obtained in this manner was isolated by chro- 
matographic procedures based on those of Cohn and Carter (17). 

Extracts of acetone powder preparations of mitochondria were then 
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tested for ability to phosphorylate casein, by using transfer of radioactivity 
from ATP® to protein to follow the reaction. These extracts were not 
capable of oxidative phosphorylation. It was found that protein phos- 
vhokinase activity was indeed present. The enzyme could be somewhat 
purified by ammonium sulfate fractionation. The enzyme was recovered 
in the fraction precipitated between 20 and 40 per cent of saturation with 
ammonium sulfate, as shown in Table VIII. These results also confirm 
the assumption made in the experiments previously described that ATP 
is the phosphorylating intermediate. 


TaBLe VIII 
Soluble Protein Phosphokinase 


ee ee | Enzyme alone Enzyme + casein 0 time control 
per cent | C.p.m. c.p.m. c.p.m. 
0-20 | 4 4 1 
20-40 | 47 353 4 
40-60 | 12 34 1 


The reaction was carried out in a final volume of 3.0 ml. containing 1.0 ml. of 
enzyme, 15 wmoles of MgCl., 100 wmoles of Tris buffer (pH 7.4), 3 umoles of ATP* 
(specific activity, 4.7 X 10‘ c.p.m. per wmole), and 25 mg. of casein. Temperature, 
37°; incubation time, 60 minutes with occasional shaking. 1 wmole of ATP*? was 
added at 0 time, another at 20 minutes, and a third at 40 minutes to insure an ade- 
quate supply through the experimental period. 


DISCUSSION 


Apart from the rather inconclusive report of Barth and Jaeger (9), the 
work described here affords the first direct evidence for the enzymatic 
phosphorylation of a protein substrate. The fact that casein is phospho- 
rylated by an enzyme present in liver mitochondria may seem surprising, 
since it is extremely doubtful that casein is the naturally occurring sub- 
strate for thisenzyme. It is probable that casein is only a model substrate 
for the protein phosphokinase of liver. One may surmise that the serine 
residues of casein occur in an amino acid sequence not present in other 
proteins tested, or, for some other reason, are sterically more available 
to the phosphorylating enzyme than serine residues in the proteins which 
are not attacked by the enzyme. Presumably, the naturally occurring 
substrates, as yet unidentified, also possess serine residues with these spe- 
cific properties. 

In a previous paper (5) it was pointed out that the isolation of radioactive 
phosphoserine from a phosphoprotein after acid hydrolysis does not offer 
unambiguous evidence as to the nature of the phosphate linkages in the 
intact protein. It was pointed out that serine pyrophosphate or diester 
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phosphate linkages might still yield phosphoserine on acid hydrolysis. The 
recent and important work by Perlmann (18) now offers evidence for the 
occurrence of diester and pyrophosphate linkages in phosphoproteins, 
making it even more important to exercise caution in drawing conclusions 
as to the nature of the bonds newly formed by the enzymatic phosphory]l- 
ation described in this paper. 

The physiological significance of this new type of enzymatic action still 
remains to be discovered. The great biological reactivity of the phos- 
phoproteins of a wide variety of tissues, particularly tumors, as evidenced 
by the very high rate of renewal of phosphoprotein phosphorus, appears 
to point to some réle of importance. The suggestion has been put forward 
(5) that the metabolically active phosphoproteins may be enzymes which 
function as phosphotransferases by cyclic phosphorylation and dephos- 
phorylation of their serine residues. The findings of Schaffer et al. (19) 
appeared to offer some support to this idea, since they indicated that the 
serine hydroxyl may be the active site of chymotrypsin and presumably 
of other enzymes inhibited by diisopropyl fluorophosphate. It is not easy 
to reconcile the results reported in the present paper with the hypothesis 
that the metabolic activity of phosphoproteins is due to their enzyme func- 
tion. Apparently, the protein phosphokinase of mitochondria is able to 
phosphorylate proteins such as casein to which no known enzyme function 
can be ascribed. 

Further insight into the mechanism and significance of the protein phos- 
phokinase of liver awaits purification of the enzyme. The finding that the 
enzyme may be readily brought into solution and can be fractionated with 
ammonium sulfate appears encouraging in this regard. Experiments aimed 
at the purification and isolation of protein phosphokinase of rat liver and 
hog liver are now under way in this laboratory. 


SUMMARY 


An enzyme capable of catalyzing the transfer of phosphate from ATP to 
protein has been discovered in rat liver mitochondria. Of a number of 
proteins tested, only casein is phosphorylated at an appreciable rate. a- 
Casein is phosphorylated at about 4 times the rate of @-casein. Nearly all 
of the radioactivity transferred from ATP labeled with P® to casein can 
be accounted for as radioactive phosphoserine in acid hydrolysates of the 
casein. 

Free phosphoserine does not appear to be an intermediate in the reaction. 

The possible significance of these results is discussed. 
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hemin synthesis have necessitated a metabolic characterization of the in 
vitro systems prepared from bone marrow. The present studies are an 


parable with those of Dresel and Falk (3) carried out with avian erythro- 
cytes. 
The degree of incorporation of the a-carbon atom of glycine into hemin 


ing their activity. The Krebs’ cycle is of importance in the initial phases 


precursor which is then capable of condensing with glycine. For this rea- 


investigated. Thus, in this paper experiments dealing with the effects of 
the incubation media, substrates, inhibitors, and cofactors on hemin syn- 
thesis will be described. 

EXPERIMENTAL 
Methods 


Homogenization—Homogenates of rabbit bone marrow were prepared as 
_ reported previously (2), except where mentioned otherwise. All homogen- 
| ates were freshly prepared from rabbit bone marrow which was processed 


deep freeze for less than 1 week. Lyophilized beef marrow! could be sub- 
less activity. Operations related to the bone marrow preparations (in- 


| cluding those preparations to be described below) were carried out in the 
cold room at 4°. 


Rochester, New York. 


for supplying this material. 
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Studies in this laboratory concerned with the enzymic mechanisms of 


extension of those previously reported (1, 2) and are in some respects com- 


serves as an estimate of the activity of the bone marrow system and is the 
resultant of the action of a number of enzymes and various factors influenc- 


of hemin synthesis since it provides a means of converting acetic acid toa 


son the effect of various Krebs’ cycle intermediates and inhibitors has been 


either immediately after removal from the animal or after storage in the 


stituted for fresh rabbit bone marrow, although equivalent amounts had 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 


We are indebted to Dr. Lachat of the Armour Laboratories, Chicago, Tlinois, 
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Preparation of Soluble Bone Marrow Fractton—Bone marrow, 25 gm., was 
homogenized in 125 ml. of Ringer’s solution modified according to Need- 
ham et al. (4). The homogenate was subjected to high speed centrifugation 
at 15,000 r.p.m. (14,000 X g) for 15 minutes. After centrifugation the 
fatty layer floating on top of the soluble fraction was discarded, since it 
contained only negligible synthetic activity. This fraction will be desig- 
nated as the “soluble fraction” in all experiments in which this fraction 
was employed. 

Preparation of Pyridine Hemochromogen—Since it was necessary to test 
the synthetic activity of a large number of preparations, a rapid and con- 
venient method for the preparation of hemin was developed and adapted 
as follows: The bone marrow homogenates which had been chilled pre- 
viously for 1 hour were poured through several layers of chilled glass wool 
and the resulting residues washed three to four: times with cold water.? 
The filtrates were used for the preparation of hemin. The filtrate just 
described or the soluble bone marrow fraction was adjusted to pH 2 to 3 
with glacial acetic acid, stirred, and allowed to stand for 1 hour at room 
temperature. After addition of 2 volumes of acetone, followed by agita- 
tion, enough chloroform was added to obtain two phases. The aqueous 
phase was extracted with chloroform after addition of 5 ml. of glacial acetic 
acid and 2 volumes of acetone. The combined chloroform extracts were 
washed five to six times with 2 to 3 volumes of water. The chloroform 
solution was evaporated to dryness in vacuo and the solid residue taken up 
in 0.3 ml. of pyridine and 1 to 2 ml. of 8 per cent (volume per volume) acetic 
acid in chloroform. This pyridine hemochromogen solution was trans- 
ferred to a 2 X 22 cm. Celite column which had been wetted previously 
with an 8 per cent acetic acid solution in chloroform (volume per volume). 
The latter solvent system was then employed in the development of the 
chromatographic bands. As a rule, at least three distinct bands were ob- 
served upon completion of the development process. The second and 
largest band, located approximately 9 to 12 cm. below the top of the Celite 
column, was cut out and eluted with 10 per cent (volume per volume) 
acetic acid in chloroform. The eluate was evaporated to dryness in vacuo 
and the solid residue dissolved in 1 to 2 ml. of 8 per cent acetic acid in chlor- 
oform. After centrifuging, the supernatant fluid was concentrated to 0.3 
ml., 2 volumes of diethyl ether were added, and the pigment was precipi- 
tated by addition of ligroin. Crystals obtained with 8 per cent acetic acid 
in chloroform-ligroin were dried in vacuo. This crystalline material was 
identified spectroscopically as hemin by means of its pyridine-hemochromo- 
gen derivative. In order to ascertain that the porphyrin component pres- 


2? This part of the procedure was omitted in dealing with the soluble bone marrow 
fraction. 
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ent in the hemochromogen isolated was protoporphyrin IX, a sample of 
the pyridine hemochromogen was converted to protoporphyrin IX dimethyl 
ester according to the procedure of Grinstein (5). The C™ activity per 
millimole of the protoporphyrin IX dimethyl ester was identical with that 
of the pyridine hemochromogen. 

Measurement of Radioactivity—Measurements for C™ were carried out 
with a gas flow counter involving a probable counting error of not more 
than 5 per cent. The gas flow counter was operated in the proportional 
region as with the methane flow gas. In all instances C" activities are ex- 
pressed as disintegrations per minute per millimole per microcurie of 
precursor added. The amount of material counted was 3 to5 mg. The 
efficiency of the counter was approximately 30 per cent. 

Incubatton—Homogenates of 5 gm. of bone marrow were incubated in 
300 ml. Warburg vessels at 37° for 34 hours and shaken at 20 cycles per 
minute. An amount of homogenate was prepared initially, which was 
sufficient to provide five aliquots. In this way five parallel experiments 
could be run, including one control. 

Radioactive Glycine—Glycine-2-C™ of a specific activity of 12.5 ue. per 
mg. was used.? In all experiments 5 to 7 uc. of labeled glycine were added. 


Results 


The effects of various factors investigated are measured in terms of the 
degree of incorporation of the a-carbon atom of glycine into hemin. These 
effects could be reproduced with a probable experimental error of less than 
20 per cent in all experiments to be reported except where specifically 
stated. 

Effects of Media Used for Homogenization and Incubation—Varying the 
composition of the homogenizing medium had only a slight effect on the 
degree of isotope incorporation obtained after incubation unless water was 
used instead of buffers or salt solutions. The combination of bone marrow, 
Ringer’s solution, and phosphate buffer resulted in the greatest isotope 
incorporation, and for this reason this medium was used in all further ex- 
periments. Various combinations of citrate and acetate, 0.9 per cent 
saline, and water were also tried, but were found less effective. 

Effect of Dialysis of Soluble Portion of Rabbit Bone Marrow —Dialysis 
against phosphate buffers of different concentrations had no effect, whereas 
dialysis against water decreased the activity of the preparation to approx- 
imately one-half of the control value. The activity of the water-dialyzed 
preparation could not be restored by raising the ionic strength to the level 
of either of the phosphate buffers. 


3 We wish to thank the Isotopes Branch of the United States Atomic Energy Com- 
mission, Oak Ridge, Tennessee, for making the radioactive glycine available to us. 
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Effect of Addition of Substrates and Cofactors—The values presented in 
Tables I and II show that magnesium chloride stimulated, whereas ATP, 
DPN,‘ and acetate-citrate had only a slight or no effect. The effect of 
acetate alone will be dealt with below. Intermediates participating in 
the Krebs’ tricarboxylic acid cycle and several reducing agents containing 


TABLE I 


Effect of Substrates and Cofactors on Incorporation of a-Carbon Atom of Glycine into 
Hemin in Bone Marrow Homogenates 


0.1 M 
|Glutath-| o1m | “Citrate | Radic 
|glutarate| “nate |27meA| ATP |cysteine| | | | PPN* | activity, 
pH 1 
ml, ml, mi. mg. mg. ml. mg. ml, ml, mg. 
5 1 t 
3 42 
5§ 
t 
1 1 10 3 5 t 
5 51 
1 1 3 5 5 25 
0.5 1 3 3 5 5 t 
1 1 10 10 1 1 t 
1 1 10 1 | 1 47 
0.5 5 68 


All experimental values are the averages of five to seven different experiments, 
except where stated otherwise. 

* Obtained from the Schwarz Laboratories, Inc., New York. 

t Expressed in disintegrations per minute per millimole per microcurie, < 10°. 

t These values were so near background that reliable measurements could not be 
carried out with the usual accuracy. The values ranged from 0.2 to 9 X 10? dis- 
integrations per minute per millimole per microcurie. In these cases only two 
experiments were performed. 

§ H.S was also added to the incubation mixture. 


sulfhydryl groups as well as a coenzyme A preparation® proved to be in- 
hibitory. The simultaneous addition of oxalacetate, ketoglutarate, ATP, 
glutathione, and the acetate-citrate mixture resulted in an inhibition of 
approximately 50 per cent, whereas the addition of coenzyme A to such a 
system increased this inhibition to such an extent that the activity could 
not be measured with accuracy. A 3-fold variation of the different com- 


4 ATP = adenosinetriphosphate; DPN = diphosphopyridine nucleotide. 
5 Coenzyme A (70 per cent pure) was obtained from the Pabst Laboratories, Mil- 
waukee, Wisconsin. 
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TABLE II 


Effect of Substrates and Cofactors on Incorporation of a-Carbon Atom of Glycine into 
Hemin in Bone Marrow Homogenates 


Radio- 

ml. ml. ml. meg. mg. ml. mg. ml. ml. 

46 

0.5 3 1.0 40 

t 

1 22 

l 1 20 

10 50 

1 60 

1 24 

5 1 f 

5 5 


All experimental values are the averages of five to seven different experiments, 
except where stated otherwise. 

* See Table I. 

1 These values were so near background that reliable measurements could not be 
carried out with the usual accuracy. The values ranged from 0.2 to9 X 10 disinte- 
grations per minute per millimole per microcurie. In these cases only two exper- 
iments were performed. 


TABLE III 


Effect of Concentration* of Glycine and Acetate on Incorporation of a-Carbon Atom of 
Glycine into Hemin in Bone Marrow Homogenates 


Commnnnretne Faas acetate Concentration of glycine added Radioactivity in hemint 
M M 
0.01 0.00 19 
0.01 0.005 24 
0.01 0.01 38 
0.01 0.02 46 
0.01 0.03 43 
0.01 0.05 39 
0.00 0.02 38 
0.002 0.02 39 
0.004 0.05 41 
0.01 0.02 47 
0.02 0.02 44 


* Approximately 0.5 mg. of glycine containing 5 ue. of labeled glycine was also 
added in each experiment. 
See Table I. 
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ponents mentioned did not alter the effect appreciably. Cysteine and 
hydrogen sulfide were not investigated in different concentrations. When 
succinate and coenzyme A were added simultaneously in appropriate con- 
centrations, a 40 per cent stimulation was observed. The control values 
range from 43 to 48 X 10° disintegrations per minute per millimole per 
microcurie (Tables II to IV). 

Effects of Various Concentrations of Glycine and Acetate—In Table III 
results of experiments are shown in which either the acetate or the glycine 
concentration was varied. In all experiments in which both substrates 
were present the concentration of one substrate was kept constant. The 
results indicate that the addition of acetate has only a small effect on the 
system, whereas glycine has a marked stimulating effect. A final concen- 


TABLE IV 
Effect of Inhibitors on Incorporation of a-Carbon Atom of Glycine into Hemin 
Radioactivity in hemin* 

0.02 ** and 0.05 magnesium chloride .. . 30 
0.003 “* 3-acetimido-5-methyltetronic acid ............... 85 
See Table I. 


t The level of radioactivity was so low that the experiment was carried out with 
an error of 30 per cent. 


tration of 0.03 m glycine and 0.01 mM acetate was used in all further exper- 
iments. 

Effect of Inhibitors—In Table IV the data obtained with five metabolic 
inhibitors are reported. Three of these had a definite inhibitory effect, 
sodium azide being most effective in this respect. An unexpected stimu- 
latory effect was produced by 3-acetimido-5-methyltetronic acid,® which 
has been reported to interfere with chlorophyll metabolism (6). It may be 
mentioned that the inhibitory effect of sodium fluoride could not be re- 
versed by the addition of magnesium chloride in concentrations of 5 to 10 
M. 


DISCUSSION 


The stimulation of the incorporation of the a-carbon atom of glycine 
observed upon addition of succinate and coenzyme A to bone marrow ho- 


6 We are indebted to Dr. Theodore L. Rebstock, Michigan State College, Lansing, 
Michigan, for a gift of 3-acetimido-5-methyltetronic acid. 
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mogenates is in agreement with similar findings by Shemin and Kumin 
(7) with lyzed duck erythrocytes. The absence of this stimulation in the 
presence of malonate is also in agreement with Shemin and Kumin’s find- 
ing that malonate inhibits the incorporation of C'-methylene-labeled suc- 
cinate into protoporphyrin [X. If, however, the Krebs’ tricarboxylic acid 
cycle were to operate only in the directions postulated by Shemin and 
collaborators (7-9), it would be reasonable to expect that malonate should 
not inhibit the incorporation of glycine in the presence of succinate and 
coenzyme A, since the formation of succinyl coenzyme A should not be 
affected by malonate. However, the experiments reported in this paper 
show that the addition of malonate abolishes the stimulatory effect of 
succinate and coenzyme A. It appears, therefore, plausible that malonate 
inhibits not only the succinate-fumarate reaction but also the direct utiliza- 
tion of succinate for pyrrole synthesis via the succinyl coenzyme A reaction. 
This inhibitory effect of malonate on the utilization of succinate might be 
interpreted as involving malonyl coenzyme A, whose existence has been 
demonstrated (10). An alternative, but perhaps less probable, interpre- 
tation would be that malonate inhibits processes which supply energy to 
the synthetic reactions involved in hemin synthesis. The latter postulate 
appears less likely in view of the findings with ATP and dinitrophenol. 
Although a-ketoglutarate is a precursor of protoporphyrin (1, 9), the in- 
hibition of glycine incorporation by a-ketoglutarate might be due to par- 
ticipation of a-ketoglutarate in transamination reactions requiring pyridoxal 
derivatives. Since there is some evidence that glycine is activated via the 
formation of a pyridoxal derivative (11), increased transaminating activity 
might tend to lower the amount of pyridoxal available for glycine activa- 
tion, thus causing decreased incorporation of glycine into hemin. 

The data presented in Table III suggest that the addition of glycine 
stimulates hemin synthesis and that this stimulation might be due to sat- 
uration of the enzyme system concerned with the activation of glycine. 


SUMMARY 


1. The effect of certain substrates and cofactors on hemin synthesis 
has been studied in bone marrow homogenates. 

2. Various Krebs’ tricarboxylie acid cycle intermediates were found to 
have an inhibitory effect, whereas magnesium chloride, succinate, and 
coenzyme A and 3-acetimido-5-methyltetronic acid were stimulatory. 

3. Glycine and acetate enhanced isotope incorporation, the former to a 
considerably greater extent than the latter. 

4. Sodium azide, sodium fluoride, and malonate acted as inhibitors. 
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5. Implications of the action of malonate observed in these experiments 


are discussed. 


The authors wish to acknowledge the technical assistance of Carol H. 


Walworth in the determination of C" activity. 
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cle protein-catalyzed, mechanism, 


Koshland, Budenstein, and Kowalsky, 


279 

Adrenal(s): Coenzyme A, Malmstrém and 
Glick, 677 
Perfusion, 17a-hydroxyprogesterone 


effect, Levy, Jeanloz, Jacobsen, Hech- 
ter, Schenker, and Pincus, 867 
—, pregn-5-en-3f-ol-20-one effect, Levy, 
Jeanloz, Jacobsen, Hechter, Schenker, 
and Pincus, 867 
—, progesterone effect, Levy, Jeanloz, 
Jacobsen, Hechter, Schenker, and 
Pincus, 867 
—, steroid transformations, chemical, 
Levy, Jeanloz, Jacobsen, Hechter, 
Schenker, and Pincus, 867 


Adrenal(s)—continued: 

Progesterone conversion to 17-hy- 
droxy-11-deoxycorticosterone, ef- 
fect, Plager and Samuels, 21 

Aerobacter aerogenes: Tryptophan syn- 
thesis, acetate-1-C" utilization, Ra- 
felson, Ehrensvard, Bashford, Saluste, 

725 
See Ovalbumin 
Alcohol dehydrogenase: Liver, diphos- 


phopyridine nucleotide-hydroxy]- 
amine complex, relation, Kaplan 
and Ciotti, 431 


—, hydroxylamine and cyanide, effect, 
Kaplan, Ciotti, and Stolzenbach, 
419 
Aldehyde(s): Fatty, long chain, bac- 
terial luciferin-luciferase reaction, 
relation, Strehler and Cormier, 
213 
Aldolase: Phosphoketotetrose. See 
Phosphoketotetrose aldolase 
Allantoin: Uric acid conversion to, gout, 
Buzard, Bishop, and Talbott, 559 
Amino acid(s): Determination, chroma- 
tographic, Moore and Stein, 893 
—, photometric, ninhydrin reagent, 
modified, Moore and Stein, 907 
Free, blood plasma, Stein and Moore, 
915 
—, cat tissues, Jallan, Moore, and 
Stein, 927 
—, chick chorio-allantoic membranes, 
virus infection influence, Johnson, 
Kempf, and Bergeim, 757 
-Related compounds, cat tissues, Jal- 
lan, Moore, and Stein, 927 
— —, determination, photometric, 
ninhydrin reagent, modified, Moore 


and Stein, | 907 
Requirements, Rose, Lambert, and 
Coon, 815 
Ribonuclease, Hirs, Stein, and Moore, 
941 


Amphibia: Development, carbon diox- 
ide, carbon 14-labeled, metabolism, 
Cohen, 337 


997 


998 


Anthranilic acid: 3-Hydroxy-. 
droxyanthranilie acid 
Anticoagulant(s): Lipide, determination, 
Mushett, Goldsmith, and Kelley, 

163 

—, isolation, Goldsmith and Mushett, 
169 

Apyrase: Bacteria, inorganic ions, ef- 
fect, Clark and MacLeod, 541 
Ascites: Carcinoma cell, Ehrlich, gly- 


See Hy- 


cine-1-C'4, influx, Heinz, 781 


Aspartic acid: Purine biosynthesis, rdle, 


Wahba and Shive, 155 
Azotobacter: Respiration, ion effect, 
Goucher and Kocholaty, 613 

B 


Bacillus: See also Lactobacillus 
Bacillus subtilis: Glutamic acid, Keynan, 


Strecker, and Waelsch, 883 
Glutamine, Keynan, Strecker, and 
Waelsch, 883 
Glycolysis, Keynan, Strecker, and 
Waelsch, 883 


Bacteria: a-Acetolactate synthesis, Ko- 
bayashi and Kalnitsky, 473 
Apyrase, inorganic ions, effect, Clark 


and MacLeod, 541 
Butylene glycol dehydrogenase, 
Strecker and Harary, 263 
Diacetyl seductase, Strecker and 
Harary, 263 
Luciferin-luciferase reaction, fatty 
aldehydes, long chain, relation, 
Strehler and Cormier, 213 


Photosynthetic, cytochromes, enzyme 
effect, Kamen and Vernon, 663 
—, hematin compounds, Vernon and 
Kamen, 643 
See also Aerobacter, Azotobacter, Leu- 
conostoc, Treponeme 
Benzimidazole(s): Methyl-substituted, 
heme synthesis, effect, Abbott and 
Dodson, 845 
Biological fluid(s): Uric acid determina- 
tion, Bergmann and Dikstein, 149 
Blood plasma: Amino acids, free, Stein 
and Moore, 915 
Lipide, embryo, chicken, Schjecde, 


355 
Nitrogen, embryo, chicken, Schjeide, 
355 


INDEX 


Blood serum: Proteins, semen plasma 
and milk serum proteins, compari- 
son, Larson, Gray, and Salisbury, 

43 

Bone marrow: Hemin biosynthesis, 
Richmond, Altman, and Salomon, 

981 

Butylene glycol dehydrogenase: Bac- 

teria, Strecker and Harary, 263 


C 


Carbohydrate: Metabolism, carbon 14- 
labeled, Baker, Shreeve, Shipley, 
Incefy, and Miller, 575 

Carbon: 14-labeled, carbohydrate me- 
tabolism, Baker, Shreeve, Shipley, 
Incefy, and Miller, 575 

Carbon dioxide: Carbon 14-labeled, 
glucose, labeled, conversion to, 
Agranoff, Brady, and Colodzin, 773 

— —, metabolism, amphibian develop- 
ment, Cohen, 337 
Treponeme, saprophyte, growth ef- 
fect, Stetnman, Oyama, and Schulze, 
327 

Carboxamide: N-Methyl-2-pyridone-5-. 
See Methyl-2-pyridone-5-carboxam- 
ide 

Carboxylase: Co-. See Cocarboxylase 

Carcinoma: Cell, Ehrlich ascites, gly- 
cine-1-C', influx, Heinz, 781 

Cartilage: Mucoprotein, isolation, Shat- 
ton and Schubert, 565 

Cat: Tissue amino acids, free, and re- 
lated compounds, Jallan, Moore, and 
Stein, 927 

Chick: Chorio-allantoic membranes, 
amino acids, free, virus infection in- 
fluence, Johnson, Kempf, and Ber- 
germ, 757 

Cholesterol: Coprostanol from, Rosen- 
feld, Fukushima, Hellman, and Gal- 
lagher, 301 

Synthesis, acids, branched chain, util- 
ization, Bloch, Clark, and Harary, 
687 

Chondroitin: Davidson and Meyer, 


Chorio-allantoic membrane(s): Chick, 
amino acids, free, virus infection in- 
fluence, Johnson, Kempf, and Ber- 

757 


germ, 
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Coagulation: See also Anticoagulant 
Cocarboxylase: Treponeme, saprophyte, 
growth effect, Steinman, Oyama, and 
Schulze, 327 
Coenzyme: A, determination, ultrami- 
cro-, Malmstrém and Glick, 677 
—, treponeme, saprophyte, growth ef- 
fect, Steinman, Oyama, and Schulze, 
327 
Coprostanol: Cholesterol transformation 
to, Rosenfeld, Fukushima, Hellman, 
and Gallagher, 301 
Corticosterone: 17-Hydroxy-11-deoxy-. 
See Hydroxy-11-deoxycorticosterone 
Cyanide: Liver alcohol dehydrogenase, 
effect, Kaplan, Ciotti, and Stolzen- 
bach, 419 
Cysteic acid: Peptides, ovalbumin syn- 
thesis, relation, Flavin and Anfinsen, 
375 
Cytochrome(s): Bacteria, photosyn- 
thetic, enzyme effect, Kamen and 
Vernon, 663 


D 


Decarboxylase: 5-Hydroxytryptophan. 
See Hydroxytryptophan decarbox- 
ylase 

Dehydrogenase: Alcohol. 
dehydrogenase 

Butylene glycol. 
dehydrogenase 

Deoxyribonucleic acid(s): Fractionation, 
proteins, basic, use, Crampton, Lip- 
shitz, and Chargaff, 125 

Diacetyl reductase: Bacteria, Strecker 
and Harary, 263 

Diaphragm: Acetate metabolism, Foster 
and Villee, 797 

Pyruvate metabolism, Foster and Vil- 
lee, 797 

Diisopropyl phosphoryl trypsin: Crystal- 
line, molecular-kinetic properties, 
Cunningham, 13 

Diphosphopyridine nucleotide: Auto- 
claved, rickettsial inhibitor relation, 
Rosenberg and Bovarnick, 763 

Hydroxylamine and, reaction, Burton 
and Kaplan, 447 


See Alcohol 


See Butylene glycol 


-Hydroxylamine complex, liver alco- 
hol dehydrogenase relation, Kaplan 
and Ciotti, 


431 
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Diphosphopyridine nucleotide—contin- 
ued: 

Triphosphopyridine nucleotide from, 
enzymatic, Wang, Kaplan, and Stol- 
zenbach, 465 

(Distearoyl)-L-a-lecithin: Hanahan, 
321 


E 


Egg: Lecithin fatty acids, chemical con- 
stitution, Hanahan, 321 
Ehrlich: Ascites carcinoma cell, glycine- 
1-C'4, influx, Heinz, 781 
Embryo: Chicken, blood plasma _ nitro- 
gen and lipide, Schjeide, 350 
Enzyme(s): Acetate phosphorylation, 
Rose, Grunberg-Manago, Korey, and 
Ochoa, 737 
Bacteria, photosynthetic, cyto- 
chromes, effect, Kamen and Vernon, 
663 

Co-. See Coenzyme 
Diphosphopyridine nucleotide conver- 
sion to triphosphopyridine nucleo- 
tide, Wang, Kaplan, and Stolzenbach, 
465 
3-Hydroxyanthranilate conversion to 
quinolinate, Long, Hill, Weinstock, 
and Henderson, 405 
Mitochondria, glycerol phosphoryla- 
tion, Bublitz and Kennedy, 951 
Protein phosphorylation, Burnett and 
Kennedy, 969 
Thioltransacet ylation, Brady and Stadt- 
man, 621 
See also  Adenosinetriphosphatase, 

Apyrase, etc. 

Erythrulose-l-phosphate: Formation, 
liver phosphoketotetrose aldolase, 
mechanism, Charalampous, 249 
Ethanolamine: Methyl-labeled, utiliza- 
tion, sphingosine biosynthesis, Zabin 


and Mead, 87 
O-Phosphodiester, turtle, Roberts and 
Lowe, 1 


Ethylenediaminetetraacetic acid: Mvyo- 
sin adenosinetriphosphatase, effect, 
Bowen and Kerwin, 237 


F 


Fatty acid(s): Egg lecithins, chemical 
constitution, Hanahan, 


321 
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Fatty acid(s)—continued: 
p-a-Hydroxy. See Hydroxy fatty acid 
Lecithin, chemical constitution, Hana- 


han, 313 
Unsaturated, phosphorus metabolism, 
relation, Klein and Johnson, 103 
Fibrin: Urea-insoluble, formation, 
Loewy and Edsall, 829 
Fluorene: 2-Acetylamino-. See Acetyl- 
aminofluorene 
Folic acid: N-10-Formyl-. See Formyl- 
folic acid 


Formate: Methyl-labeled, utilization, 
sphingosine biosynthesis, Zabin and 


Mead, 87 

Formylfolic acid: N-10-, isolation, Silver- 

man, Keresztesy, and Koval, 53 

Fructose: Determination, Pogell, 143 
G 

Gelatin: Ornithine, Hamilton and Ander- 

son, 95 


Glucose: Carbon 14-labeled, oxidation, 
Baker, Shreeve, Shipley, Incefy, and 
Miller, 575 

Labeled, carbon dioxide, carbon 14- 
labeled, from, Agranoff, Brady, and 
Colodzin, 773 

Utilization, mammary gland, glycoly- 
sis relation, Abraham, Hirsch, and 


Chaikoff, 31 
Glutamic acid: Bacillus subtilis, Keynan, 
Strecker, and Waelsch, 883 
y-p-, peptide chains, Williams and 
Thorne, 631 
Glutamine: Bacillus subtilis, Keynan, 
Strecker, and Waelsch, 883 


Glutaric acid: Carbon 14-labeled, a-keto- 
glutaric acid from, Rothstein and 


Miller, 859 
— —, metabolism, Rothstein and 
Miller, 859 


a-Keto. See Ketoglutaric acid 


Glycerol: Metabolism, asymmetrical, 
Bublitz and Kennedy, 963 
Phosphorylation, enzymatic, mito- 


chondria, Bublitz and Kennedy, 
951 
Glycine: Carbon 14-labeled, influx, Ehr- 
lich ascites carcinoma cell, kinetics, 
Heinz, 781 


INDEX 


Glycine N-acylase: Reaction, Schachter 


and Taggart, 271 
Glycolysis: Bacillus subtilis, Keynan, 
Strecker, and Waelsch, 883 
Ion antagonism, Clark and MacLeod, 
531 


Mammary gland glucose utilization, 
relation, Abraham, Hirsch, and Chai- 
koff, 31 

Gout: Uric acid conversion to allantoin, 
Buzard, Bishop, and Talbott, 559 

Growth: Hormone, hypophysis, isola- 
tion, Li, 


H 


Hematin compound(s): Bacteria, photo- 
synthetic, Vernon and Kamen, 


643 

Heme: Synthesis, benzimidazoles, 
methyl-substituted, effect, Abbott 
and Dodson, 845 
Hemin: Biosynthesis, bone marrow, 


Richmond, Altman, and Salomon, 
981 
Hepatectomy: Nucleic acids, tumor- 
bearing mice, effect, Rodriguez, 
Hochstrasser, Malbica, and Cerecedo, 
483 
Histochemistry: Malmstrém and Glick, 
677 
Holmes: Masked strain, purines and py- 
rimidines, Cooper and Loring, 505 

See also Tobacco 

Hydroxyanthranilate: 3-, quinolinate 
from, enzymatic, Long, Hill, Wein- 
stock, and Henderson, 405 
Hydroxyanthranilic acid: 3-, metabo- 
lism, Miyake, Bokman, and Schweigert, 
391 
Hydroxy-11l-deoxycorticosterone:  17-, 
progesterone conversion to, adrenal 
effect, Plager and Samuels, 21 
Hydroxy fatty acid: p-a-, nutrition, Lac- 
tobacillus casei, Camien and Dunn, 
593 
Hydroxylamine: Diphosphopyridine nu- 
cleotide and, reaction, Burton and 
Kaplan, 447 
-Diphosphopyridine nucleotide com- 
plex, liver alcohol dehydrogenase re- 
lation, Kaplan and Ciotti, 431 
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Hydroxylamine—continued: 
Liver alcohol dehydrogenase, effect, 
Kaplan, Ciottt, and Stolzenbach, 
419 
Hydroxyprogesterone: 17a-, adrenal per- 
fusion effect, Levy, Jeanloz, Jacobsen, 
Hechter, Schenker, and Pincus, 
867 
Hydroxytryptophan decarboxylase: 5-, 
inhibition, Betler and Martin, 39 


I 


Imidazole(s): Benz-. See Benzimid- 
azole 
Inorganic ion(s): Bacterial apyrase, ef- 
fect, Clark and MacLeod, 541 
Insulin: Cells and, combination, Hau- 
gaard, Haugaard, and Stadie, 289 
Synthesis, in vitro, Vaughan and Anfin- 
sen, 367 
Ion(s): Azotobacter respiration, effect, 
Goucher and Kocholaty, 613 
Glycolysis, effect, Clark and MacLeod, 


531 


K 


Ketoglutaric acid: a-, glutaric acid con- 
version to, Rothstein and Miller, 

859 

Kidney: Kynurenine transaminase, Ma- 

son, 839 

Kynurenine transaminase: Kidney, Ma- 

son, 839 


L 


Lactate: Aceto-. See Acetolactate 
Lactobacillus casei: p-a-Hydroxy fatty 
acid nutrition, Camien and Dunn, 
593 
Lecithin(s): (Distearoyl)-L-a-. See 
(Distearoy] )-L-a-lecithin 
Egg, fatty acids, chemical constitu- 
tion, Hanahan, 321 
Fatty acids, chemical constitution, 
Hanahan, 313 
B-Monostearoyl-. See Monostearoyl- 
lecithin 
Leuconostoc citrovorum: Factor, trep- 
oneme, saprophyte, growth effect, 
Steinman, Oyama, and Schulze, 
327 
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Lipide: Anticoagulants, determination, 
Mushett, Goldsmith, and Kelley, 


163 

—, isolation, Goldsmith and Mushett, 
169 

Blood plasma, embryo, chicken, 
Schjeide, 300 
Liver: 2-Acetylaminofluorene, effect, 
Gutmann and Peters, 63 
Alcohol dehydrogenase, diphospho- 


pyridine nucleotide-hydroxylamine 
complex, relation, Kaplan and Ciotti, 
431 
— —, hydroxylamine and cyanide, ef- 
fect, Kaplan, Ciotti, and Stolzenbach, 
419 
Phosphoketotetrose aldolase, erythru- 
lose-1-phosphate formation, mech- 
anism, Charalampous, 249 
Xanthine oxidase, Dietrich, 79 
See also Hepatectomy 
Luciferin-luciferase: Reaction, bacteria, 
fatty aldehydes, long chain, relation, 


Strehler and Cormier, 213 
Lysine: Metabolism, Neurospora, 
Schweet, Holden, and Lowy, 517 


Pipecolic acid from, Rothstein and 
Miller, 851 


Mammary gland: Glucose utilization, 
glycolysis relation, Abraham, Hirsch, 

and Chatkoff, 31 
Methionine: Methylsulfonium deriva- 
tive, microbiological activity, Mc- 
Rorie, Glazener, Skinner, and Shive, 

489 

Methyl-2-pyridone-5-carboxamide: N-, 
urine, determination, Price, 117 
Microbiological activity: Methionine 
methylsulfonium derivative, Mc- 
Rorie, Glazener, Skinner, and Shive, 
489 

Milk: Serum proteins, semen plasma and 
blood serum proteins, comparison, 
Larson, Gray, and Salisbury, 43 
Mitochondrium: Glycerol phosphoryla- 
tion, enzymatic, Bublitz and Ken- 
nedy, 951 


Phosphatide synthesis, Bublitz and 
951 
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Mold: See also Neurospora 
Monostearoyllecithin: B-, Hanahan, 
321 
Mosaic: Tobacco, virus, purines and py- 
rimidines, Cooper and Loring, 505 
Mucopolysaccharide(s): Metabolism, 
Schiller, Mathews, Jefferson, Ludo- 


wieg, and Dorfman, 717 
New, Davidson and Meyer, 605 
Skin, isolation, Schiller, Mathews, 

Jefferson, Ludowieg, and Dorfman, 

717 
Mucoprotein: Cartilage, isolation, Shat- 
ton and Schubert, 565 


Muscle: Protein, adenosinetriphosphate 
hydrolysis, relation, Koshland, Bu- 
denstein, and Kowalsky, 279 

See also Diaphragm 

Myosin: Adenosinetriphosphatase, ethyl- 

enediaminetetraacetic acid effect, 


Bowen and Kerwin, 237 
N 
Neurospora: Lysine metabolism, 


Schweet, Holden, and Lowy, 517 
Nitrate reductase, action mechanism, 
Nicholas and Nason, 183 
Ninhydrin reagent: Modified, amino acid 
determination, photometric, Moore 
and Stein, 907 
Nitrate reductase: Neurospora, action 
mechanism, Nicholas and Nason, 


183 

Nitrogen: Blood plasma, embryo, 

chicken, Schjeide, 355 
Nuclease: Ribo-. See Ribonuclease 

Nucleic acid(s): Deoxyribo-. See De- 


oxyribonucleic acid 
Tumor-bearing mice, hepatectomy ef- 
fect, Rodriguez, Hochstrasser, Mal- 


bica, and Cerecedo, 483 
Nucleoprotein(s): Crampton, Lipshitz, 
and Chargaff, 125 
Nucleotide: §Diphosphopyridine. See 


Diphosphopyridine nucleotide 
Triphosphopyridine. See Triphospho- 
pyridine nucleotide 


O 


Ornithine: Gelatin, Hamilton and An- 
derson, 95 


INDEX 


Ovalbumin: Synthesis, cysteic acid pep- 
tides, relation, Flavin and Anfinsen, 
375 


Oxidase: Xanthine. See Xanthine ox- 


idase 
Oxytocin: Performic acid-oxidized, 
bromination, Ressler and du Vign- 
eaud, 809 
P 


Penicillin(s): Biosynthesis, valine utili- 
zation, Stevens, Vohra, and De Long, 


297 

Pepsin: Kinetics, Baker, 701 
Peptide(s): Chains, y-p-glutamic acid, 
Williams and Thorne, 631 


Cysteic acid, ovalbumin syrithesis, re- 
lation, Flavin and Anfinsen, 
375 
Phenylalanine: Carbon 14-labeled, me- 
tabolism, Dische and Rittenberg, 


199 
Phosphatase: Adenosinetri-. See Aden- 
osinetriphosphatase 
Phosphate: Adenosinetri-. See Aden- 
osinetriphosphate 
Pyro-. See Pyrophosphate 


Phosphatide(s): Synthesis, mitochon- 
dria, Bublitz and Kennedy, 

951 

Phosphoketotetrose aldolase: Liver, 


erythrulose-1-phosphate formation, 
mechanism, Charalampous, 


249 

Phosphorus: Metabolism, fatty acids, 
unsaturated, relation, Klein and 
Johnson, 103 


Phosphorylation: Acetate, enzyme rela- 
tion, Rose, Grunberg-Manago, Korey, 


and Ochoa, 737 
Glycerol, enzymatic, mitochondria, 
Bublitz and Kennedy, 951 
Proteins, enzyme relation, Burnett 
and Kennedy, 969 
Pipecolic acid: Lysine conversion to, 
Rothstein and Miller, 851 
Pituitary: Growth hormone, isolation, 
li 555 


Plasma: Semen proteins, blood and milk 


serum proteins, comparison, Larson, 


Gray, and Salisbury, 43 
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Polysaccharide: Muco-. See Mucopoly- 
saccharide 
Pregn-5-en-38-ol-20-one: Adrenal per- 
fusion effect, Levy, Jeanloz, Jacob- 
sen, Hechter, Schenker, and Pincus, 
867 
Progesterone: Adrenal perfusion effect, 
Levy, Jeanloz, Jacobsen, Hechter, 
Schenker, and Pincus, 
867 
17 - Hydroxy - 11 - deoxycorticosterone 
from, adrenal effect, Plager and 
Samuels, 21 
17a-Hydroxy-. See Hydroxyproges- 
terone 
Protein(s): Basic, deoxyribonucleic acid 
fractionation, use, Crampton, Lip- 
shitz, and Chargaff, 
125 
Blood serum, semen plasma and milk 
serum proteins, comparison, Larson, 
Gray, and Salisbury, 
43 
Milk serum, semen plasma and blood 
serum proteins, comparison, Larson, 
Gray, and Salisbury, 43 
Muco-. See Mucoprotein 
Muscle, adenosinetriphosphate hydrol- 
ysis, relation, Koshland, Budenstein, 
and Kowalsky, 279 
Nucleo-. See Nucleoprotein 
Phosphorylation, enzyme, Burnett and 
Kennedy, 969 
Semen plasma, blood and milk serum 
proteins, comparison, Larson, Gray, 
and Salisbury, 43 
Purine(s): Biosynthesis, aspartic acid 
role, Wahba and Shive, 


155 

Holmes masked strain, Cooper and 
Loring, 505 
Tobacco mosaic virus, Cooper and 
Loring, 505 
Pyrimidine(s): Holmes masked strain, 
Cooper and Loring, 505 
Tobacco mosaic virus, Cooper and 
Loring, 505 


Pyrophosphate: Inorganic, determina- 
tion, colorimetric, Flynn, Jones, and 
Lipmann, 791 

Pyruvate: Metabolism, diaphragm, Fos- 
ter and Villee, 797 
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Q 


Quinolinate : 3-Hydroxyanthranilate con- 
version to, enzymatic, Long, Hill, 


Weinstock, and Henderson, 
405 
R 
Reductase: Diacetyl. See Diacetyl re- 
ductase 
Nitrate. See Nitrate reductase 
Respiration: Azotobacter, ion effect, 
Goucher and Kocholaty, 613 
Riboflavin: Biosynthesis, Plaut, 
111 
Ribonuclease: Amino acids, Hirs, Stein, 
and Moore, 941 
Mobility, Crestfield and Allen, 
363 
Synthesis, in vitro, Vaughan and An- 
finsen, 367 
Rickettsia: Inhibitor, diphosphopyridine 
nucleotide, autoclaved, relation, 
Rosenberg and Bovarnick, 
763 


Semen: Plasma proteins, blood and milk 
serum proteins, comparison, Larson, 
Gray, and Salisbury, 43 

— —, ultracentrifugal and immuno- 
logical studies, Larson, Gray, and 


Salisbury, 43 
Serine: .L-, O-phosphodiester, turtle, 
Roberts and Lowe, 1 


Skin: Mucopolysaccharides, isolation, 
Schiller, Mathews, Jefferson, Ludo- 
wieg,and Dorfman, 717 

Sphingosine: Biosynthesis, methyl-la- 
beled acetate, formate, and ethanol- 
amine, utilization, Zabin and Mead, 

87 

Steroid(s): Chemical transformations, 


adrenal perfusion method, Levy, 
Jeanloz, Jacobsen, Hechter, Schenker, 
and Pincus, 867 
B-Hydroxylation, C-11l-, mechanism, 
Hayano and Dorfman, 227 
Styrene: Metabolism, Danishefsky and 
Willhite, 549 
Sulfonamide(s): Acetylation vivo, 
Marshall, 499 
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T 


Tetraethylthiuram disulfide: Thyroid, 
effect, Wase and Christensen, 75 
Thioltransacetylation: Enzyme, Brady 
and Stadtman, 621 
Thiuram disulfide: Tetraethyl-. See 
Tetraethylthiuram disulfide 
Thyroid: Tetraethylthiuram disulfide ef- 
fect, Wase and Christensen, 75 
Tobacco: Mosaic virus, purines and py- 


rimidines, Cooper and Loring, 505 
See also Holmes 
Transaminase: Kynurenine. See Ky- 


nurenine transaminase 
Treponeme: Saprophyte, growth, carbon 
dioxide, cocarboxylase, citrovorum 
factor, and coenzyme A, effect, 
Steinman, Oyama, and Schulze, 
327 
Triphosphopyridine nucleotide: Diphos- 
phopyridine nucleotide conversion 
to, enzymatic, Wang, Kaplan, and 
Stolzenbach, 465 
Trypsin: Diisopropyl phosphoryl. See 
Diisopropyl phosphory] trypsin 
Tryptophan: Requirements, Rose, Lam- 
bert, and Coon, 815 
Synthesis, Aerobacter aerogenes, ace- 
tate-1-C" utilization, Rafelson, Ehr- 
ensvaérd, Bashford, Saluste, and 
Hedén, 725 
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